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1 List of abbreviations 

- AMP: antimicrobial peptide 

- AMR: antimicrobial resistance 

- APC: antigen-presenting cell 

- BSA: bovine serum albumin 

- Cath-2: chicken cathelicidin-2 

- CCK-8: cell counting-kit 8 

- CXCLi2: chicken chemotactic and angiogenic factor 

- DAMP: damage associated molecular pattern 

- DNA: deoxyribonucleic acid 

- EGTA: ethylene-glycol tetra-acetic acid 

- FBS: fetal bovine serum 

- GALT: gut-associated lymphoid tissue 

- GI: gastrointestinal 

- HBSS: Hanks’ Balanced Salt Solution 

- HDP: host defense peptide 

- H&E: hematoxylin and eosin 

- hEGF: human Epidermal Growth Factor 

- IDR: innate defense regulator 

- IEC: intestinal epithelial cell 

- IFN: interferon 

- Ig: Immunoglobulin 

- IL: interleukin 

- LDH: lactate dehydrogenase 

- LPS: lipopolysaccharide 

- LTA: lipoteichoic acid 

- MAPK: mitogen-activated protein kinase 

- MDA: malondialdehyde 

- M-CSF: macrophage colony-stimulating factor 

- M-PER: Mammalian Protein Extraction Reagent 

- NADH: nicotinamide adenine dinucleotide hydrogen 

- NADPH: nicotinamide adenine dinucleotide phosphate hydrogen 

- NF-κβ: nuclear factor-κβ 

- NK cells: natural killer cells 
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- NLRP-3: NOD-, LRR- and pyrin domain-containing protein 3 

- Nrf2: Nuclear factor erythroid 2-related factor 2 

- PAMP: pathogen associated molecular pattern 

- PC: protein carbonyl 

- PKC: protein kinase C 

- PMA: phorbol myristate acetate 

- PRR: pattern recognition receptor 

- RANTES: Regulated And Normal T-cell Expressed and Secreted 

- (m)RNA: (messenger) ribonucleic acid 

- RNS: reactive nitrogen species 

- ROS: reactive oxygen species 

- TLR: Toll-like receptor 
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2 Summary 

As the threat posed by antimicrobial resistance grows more crucial, the development 

of compounds that can replace antibiotics becomes increasingly vital. Antimicrobial Peptides 

(AMPs) provide a feasible solution for the treatment of several inflammatory and infectious 

diseases among poultry. They are short peptides with a maximum of 100 amino acids that 

have a wide range of antibacterial properties. However, even more significant are their 

immunomodulatory properties, which allow them to support the body's immune system in its 

defense against infections. 

Our main was to investigate the effects of two AMPs ‒ one of natural origin and a 

synthetic one ‒ chicken cathelicidin-2 (Cath-2) and innate defense regulator (IDR)-1002 on cell 

viability and immune response. Two in vitro models were employed for this purpose: a primary 

hepatocyte – non-parenchymal cell co-culture and an intestinal explant model, both of chicken 

origin. The reason behind choosing these models was that most of the infections affecting 

chickens originate from the intestines and are often caused by pathogenic bacteria or by an 

imbalance in the gut bacteriome. Therefore, it is beneficial to investigate the effects, these 

promising compounds have on the immune response of the intestinal wall. Moreover, the liver 

is the first organ to interact with molecules entering the bloodstream from the intestines, 

therefore it has an especially important role in the protection against infections and pro-

inflammatory agents from this direction. 

Our first goal was to create a reproducible and reliable inflammatory model using the 

hepatic cell culture that our research team had previously developed. In this Preliminary study, 

several pathogen associated molecular patterns (PAMPs) were tested on the hepatocyte ‒ 

non-parenchymal cell co-culture for their ability to induce inflammation and to monitor their 

cytotoxicity. From these results, phorbol myristate acetate (PMA) and lipoteichoic acid (LTA) 

were proven to have a favorable inflammatory effect on our cell cultures. 

This was followed by investigating the immunomodulatory effects of the two AMPs, 

Cath-2 and IDR-1002 on the hepatocyte - non-parenchymal cell co-cultures of chicken origin. 

Similarly, the peptides were applied to chicken intestinal explant cultures as well to observe 

their effect on the immune response of the gut wall. 

All studies included the measurement of cell viability parameters, as it is inevitably 

important to determine the possible cytotoxic effects of the compounds, and the potential future 

in vivo use of AMPs requires knowledge on the correlation between different concentrations 

and possible harmful effects on cells. For monitoring viability, two types of tests were employed: 

cell counting-kit (CCK)-8 test and extracellular lactate-dehydrogenase (LDH) test, from which 
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the former measures the metabolic activity of the cells while the latter estimates the integrity 

of the cell membrane. Furthermore, several inflammatory and redox parameters were 

measured during our studies, to obtain a broader picture of the immunomodulatory effects of 

these peptides. 

Study I: In the study where Cath-2 was tested on the hepatocyte - non-parenchymal 

cell co-cultures, both concentrations of the peptide decreased the cellular metabolic activity 

and increased the LDH activity reflecting a reduction in membrane integrity. Neither LTA nor 

PMA alone affected these parameters, and when combined with LTA, Cath-2 did not influence 

the LDH activity. Cath-2 was associated with an increase on the concentration of the 

proinflammatory chicken chemotactic and angiogenic factor (CXCLi2) and interferon- (IFN-)γ, 

and the anti-inflammatory interleukin (IL)-10. Meanwhile, macrophage colony stimulating factor 

(M-CSF), playing a complex role in inflammation, was diminished by the AMP. LTA elevated 

IFN-γ and decreased M-CSF levels, while PMA only increased the concentration of M-CSF. 

Both concentrations of Cath-2 increased the H2O2 released by the cells, however the 

concentration of malondialdehyde as a lipid peroxidation marker was not affected. Our findings 

raise evidence for an anti-inflammatory effect of Cath-2, reflected by the alleviation of the LTA-

triggered IFN-γ elevation, and the reduction of the M-CSF production induced by PMA.  

Study II: The effects of IDR-1002 were investigated on the same cell culture model. 

This peptide increased the levels of both RANTES (Regulated on Activation, Normal T cell 

Expressed and Secreted) and M-CSF, suggesting that it could influence macrophage 

differentiation, which was further confirmed by the reduced concentrations of IL-6 and IL-10. 

The pro-inflammatory cytokine release, triggered by the bacterial cell wall component LTA, was 

ameliorated by the concomitantly applied IDR-1002 based on the levels of IL-6, CXCLi2 and 

IFN-γ. Moreover, the production of nuclear factor erythroid 2-related factor 2 (Nrf2), an 

essential transcription factor in the antioxidant defense pathway, was increased after IDR-1002 

exposure, while protein carbonyl (PC) levels were also elevated. 

Study III: Cath-2 was tested on intestinal explants, where it displayed a potent anti-

inflammatory effect suggested by the alleviation of the LTA-caused elevation of IL-6 and IL-2 

concentrations, and that of the IFN-γ/IL-10 ratio. Furthermore, it increased the concentration 

of IL-10, mitigating the LTA-evoked decrease of this anti-inflammatory cytokine. Moreover, 

when applied alone, an elevation was found in the concentration of IL-6, CXCLi2, and IL-2, 

providing evidence of the complexity of its immunomodulatory properties. 

Study IV: According to the results obtained from testing IDR-1002 on our intestinal 

explant models, it was found to be non-cytotoxic, and alleviated the LTA-triggered elevation of 

IL-2, IL-8, RANTES levels, and the ratio of IFN-γ/IL-10, confirming its anti-inflammatory 

properties. However, immunostimulatory activities could also be observed indicated by the 

increase in IL-2 and IL-8 concentrations after solitary treatment with IDR-1002. 
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Our results have shown a notable difference in the cytotoxic potential of these peptides 

‒ Cath-2 had more potentially toxic effects than IDR-1002, which aligns with the data 

concerning the membrane-damaging effects of Cath-2. Furthermore, the hepatocyte - non-

parenchymal cell co-cultures seemed to be more sensitive to the effects of this peptide. 

Both peptides, Cath-2 and IDR-1002 were shown to have diverse and significant 

immunomodulatory properties on the models employed in the above studies. Furthermore, our 

results suggest that the peptides do not have a solely anti-inflammatory, but more of an 

immunomodulatory effect, which could designate them to help the immune system fight against 

infections, or control different types of inflammatory diseases. All these properties make them 

suitable for supplementing the treatment of intestinal infections and perhaps even subclinical 

chronic diseases affecting chicken production parameters. While there is a certain requirement 

for further studies to have a more precise understanding of these peptides’ mechanisms of 

action before they can be applied in clinical settings, our results still provide valuable and 

essential information about their impact on the immune response of the chicken gut and liver. 
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Összefoglalás 

Az antimikrobiális rezisztencia egyre nagyobb fokú terjedésével növekszik az igény az 

antibiotikum-alternatívák fejlesztésére. Az antimikrobiális peptidek (AMP-k), amelyek kevés, 

legfeljebb száz aminosavból álló, antimikrobiális és immunmoduláns hatással bíró peptidek, 

alkalmas jelöltek lehetnek a baromfi különféle fertőző és gyulladásos betegségeinek 

kezelésére. 

Kutatásunk célja kétféle AMP, a természetes eredetű csirke cathelicidin-2 (Cath-2) és 

a szintetikus „innate defense regulator” (IDR)-1002 sejtek életképességére és immunfunkcióira 

kifejtett hatásainak vizsgálata volt. Ennek céljából kétféle csirke eredetű in vitro modellt 

alkalmaztunk – egy hepatocita ‒ nem-parenchimális sejt ko-kultúrát és egy bélhám eredetű 

explant modellt. E sejtmodellek kiválasztásának oka, hogy a csirkéket érintő fertőzések 

többsége intesztinális eredetű, és gyakran kórokozó baktériumok vagy a bél mikrobiom 

egyensúlyának felborulása okozza, tehát a vizsgálni kívánt vegyületek bélfal immunválaszára 

kifejtett hatásának tanulmányozása elengedhetetlen. A máj pedig az első szerv, amely 

kölcsönhatásba lép a bélből a véráramba kerülő molekulákkal, ezért különösen fontos szerepe 

van az ebből az irányból érkező fertőzések és gyulladáskeltő anyagok elleni védelemben. 

Célunk mindenekelőtt egy reprodukálható és megbízható gyulladásos modell 

létrehozása volt a kutatócsoportunk által korábban kifejlesztett hepatocita ‒ nem-

parenchimális sejt ko-kultúra segítségével. Az előzetes vizsgálatban számos patogén-

asszociált molekuláris mintát (PAMP) teszteltünk e ko-kultúrán a gyulladáskeltő képességük 

és citotoxicitásuk szempontjából. Az eredmények alapján bebizonyosodott, hogy a forbol-

mirisztát-acetát (PMA) és a lipoteichosav (LTA) gyulladáskeltő hatása megfelelő az általunk 

kifejlesztett modellek esetében. 

Ezt követte a két AMP, a Cath-2 és az IDR-1002 immunmoduláló hatásának vizsgálata 

a csirke eredetű hepatocita ‒ nem-parenchimális sejt ko-kultúrán. Hasonlóképpen, a 

peptideket csirke bélhám explant modellen is alkalmaztuk, hogy pontos képet kaphassunk a 

bélfal immunválaszára gyakorolt hatásukról. 

Vizsgálataink során kétféle, sejtek életképességére vonatkozó paramétert vettünk 

figyelembe, ugyanis elkerülhetetlenül fontos a vegyületek potenciális citotoxikus hatásainak 

feltérképezése. Valamint az AMP-k lehetséges jövőbeli in vivo felhasználása megköveteli a 

különböző koncentrációk és a sejtekre gyakorolt esetleges káros hatások közötti összefüggés 

ismeretét. Az életképesség nyomonkövetésére kétféle tesztet alkalmaztunk: a „cell counting-

kit” (CCK)-8 tesztet és a laktát-dehidrogenáz (LDH) extracelluláris aktivitásának mérését, 

amelyek közül az előbbi a sejtek metabolikus aktivitását, az utóbbi pedig a sejtmembrán 

integritását vizsgálja. Kutatásunk során továbbá számos gyulladásos és redox paramétert is 
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mértünk annak érdekében, hogy minél szélesebb képet kapjunk a peptidek immunmoduláló 

hatásairól. 

Az első kísérletünkben a Cath-2 hatásait hepatocita ‒ nem-parenchimális sejt ko-

kultúrán vizsgáltuk. Ebben az esetben a peptid mindkét koncentrációja csökkentette a sejtek 

metabolikus aktivitását és növelte az LDH-aktivitást, ami a membrán integritásának sérülését 

tükrözi. Sem az LTA, sem a PMA önmagában nem befolyásolta ezeket a paramétereket, LTA-

val kombinálva pedig a Cath-2 nem befolyásolta az LDH-aktivitást. A Cath-2 a 

proinflammatorikus csirke kemotaktikus és angiogén faktor (CXCLi2) és az interferon- (IFN-)γ, 

valamint a gyulladáscsökkentő hatású IL-10 koncentrációjának növekedését okozta. Eközben 

a gyulladásban komplex szerepet játszó makrofág kolónia stimuláló faktor (M-CSF) 

koncentrációja az AMP hatására csökkent. Az LTA megemelte az IFN-γ és csökkentette az M-

CSF szintjét, míg a PMA csak az M-CSF koncentrációját növelte. Ezzel szemben, a 

gyulladáskeltő vegyületek által megemelt IFN-γ és M-CSF szinteket az egyidejűleg alkalmazott 

Cath-2 csökkenteni tudta, mely eredmények alapján megállapíthatjuk, hogy a Cath-2 

gyulladáscsökkentő hatással rendelkezik. A Cath-2 mindkét koncentrációja növelte a sejtek 

által felszabaduló H2O2-t, azonban a lipidperoxidációt jelző malondialdehid koncentrációját 

nem befolyásolta. 

Második kísérletünkben az IDR-1002 hatását ugyanezen a sejtkultúra-modellen 

vizsgáltuk. A peptid megnövelte mind a RANTES (Regulated on Activation, Normal T cell 

Expressed and Secreted), mind az M-CSF szintjét, ami arra utal, hogy befolyásolhatja a 

makrofágok differenciálódását, amit az IL-6 és IL-10 koncentrációjának csökkenése is 

megerősített. Az LTA által kiváltott pro-inflammatorikus citokin felszabadulást az IL-6, CXCLi2 

és IFN-γ mért értékei szerint az egyidejűleg alkalmazott IDR-1002 mérsékelte. Ezenkívül az 

antioxidáns védekezési útvonalban alapvető fontosságú transzkripciós faktor, a nukleáris 

erythroid 2 faktor 2 (Nrf2) termelése megnövekedett az IDR-1002 expozíciót követően, 

miközben a protein karbonil (PC) szint is emelkedést mutatott. 

Harmadik kísérletünkben a Cath-2 vizsgálata bélhám eredetű explantok segítségével 

történt. Az AMP ebben az esetben kifejezett gyulladáscsökkentő hatást mutatott, amire az IL-

6 és IL-2 koncentráció LTA okozta emelkedésének mérsékléséből, valamint az IFN-γ/IL-10 

arányának csökkentéséből tudunk következtetni. Továbbá a peptiddel való kezelés 

következtében megfigyeltük a gyulladáscsökkentő hatású IL-10 koncentrációjának 

emelkedését, mérsékelve a citokin LTA által kiváltott csökkenését. Valamint a Cath-2-t 

önmagában alkalmazva az IL-6, a CXCLi2 és az IL-2 koncentrációjának emelkedését 

tapasztaltuk, ami bizonyítékot szolgáltat immunmoduláló tulajdonságainak összetettségére. 

Negyedik kísérletünkben az IDR-1002-t vizsgáltuk bélhám eredetű explant 

modelljeinken. Eredményeink alapján a peptid nem volt citotoxikus, és enyhítette az IL-2, IL-

8, RANTES szintjének és az IFN-γ/IL-10 arányának LTA által kiváltott emelkedését, ami 
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gyulladáscsökkentő tulajdonságára enged következtetni. Ugyanakkor immunstimuláló hatás is 

megfigyelhető volt, amire az IL-2 és IL-8 koncentráció növekedése utal az IDR-1002-vel 

történő kezelést követően. 

Eredményeink alapján jelentős különbség figyelhető meg a különböző peptidek 

citotoxikus hatásaiban ‒ a Cath-2 potenciálisan toxikusabb hatást fejtett ki, mint az IDR-1002, 

ami összhangban van a Cath-2 membránkárosító hatásaira vonatkozó adatokkal. Továbbá a 

hepatocita ‒ nem parenchimális sejt ko-kultúrák érzékenyebbnek bizonyultak e peptid 

hatásaira. 

A Cath-2 és az IDR-1002 peptid egyaránt változatos és jelentős immunmoduláló 

tulajdonságokat mutatott az általunk végzett vizsgálatokban alkalmazott modellekben. 

Eredményeink arra utalnak, hogy ezen AMP-k  gyulladáscsökkentő tulajdonságuk mellett 

jelentős komplex immunmoduláló hatásokkal rendelkeznek, ami alkalmassá teheti őket az 

immunrendszer fertőzések elleni küzdelemben való hatékony segítésében, illetve a különböző 

típusú gyulladásos betegségek kezelésében. Mindezek a tulajdonságok alkalmassá tehetik 

őket az intesztinális eredetű fertőzések, valamint a baromfiban előforduló, termelési 

paramétereket negatívan befolyásoló szubklinikai, krónikus betegségek kezelésének 

kiegészítésére. Bár pontos hatásmechanizmusuk feltérképezéséhez további vizsgálatok 

szükségesek esetleges klinikai körülmények között történő alkalmazásuk előtt, eredményeink 

mégis értékes és lényeges információkkal szolgálnak a csirke bélrendszerének és májának 

immunválaszára gyakorolt hatásaikról. 
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3 Introduction and literature overview 

3.1 Introduction 

Poultry, the largest meat-producing livestock species kept today, are highly exposed to 

various infectious diseases due to crowded housing conditions, which can be exacerbated by 

stressors such as heat or transportation. Some of these diseases are of bacterial origin and 

are proving increasingly difficult to treat since the spread of antimicrobial resistance (AMR). 

Antibiotics are becoming less and less effective and the use of agents to which pathogens are 

still susceptible is increasingly restricted by the need to protect human life. The demand for 

natural and synthetic substitutes for antibiotics is therefore growing. 

Living organisms have various ways to defend themselves against harmful effects, for 

example by secreting biologically active substances. Antimicrobial peptides (AMPs), also 

known as host defense peptides (HDPs) are an important part of this system, produced by 

almost all organisms, and are promising candidates in the treatment of bacterial and 

inflammatory diseases. They are composed of up to 100 amino acids and are considered to 

have a direct antimicrobial effect as part of the innate immune system and to be able to 

modulate the immune response. Although their discovery is mainly due to their direct 

antimicrobial property, it has subsequently been demonstrated that in vertebrates, including 

humans, they can protect against pathogens by stimulating the body's self-defense and by 

suppressing harmful inflammatory processes. Their direct antimicrobial effect is poorly 

observed in vivo which is the reason why the term HDP is nowadays often used in the literature 

to refer to their protective function in assisting the immune system. To date, more than 3500 

AMPs have been described in the University of Nebraska Medical Center database 

(https://aps.unmc.edu/). 

As part of this dissertation, an AMP of natural (chicken cathelicidin-2, Cath-2) and one 

of synthetic origin (innate defense regulator-1002, IDR-1002) were investigated. Naturally 

derived AMPs have a larger history of literature and therefore more information is available 

about them, but they have several disadvantages compared to synthetic AMPs, such as higher 

levels of toxicity and species specificity. However, synthetic AMPs have been developed 

considering aspects such as smaller size and increased potency. 

https://aps.unmc.edu/
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3.2 Antimicrobial Peptides 

3.2.1 History 

In 1926, the first evidence of a naturally occurring antimicrobial molecule was found in 

flour, as it was discovered to contain a substance that can inhibit the growth of mold on bread 

[1]. However, the molecule itself was not identified until 1942, when a protein capable of 

inhibiting the growth of various phytopathogenic bacteria and mold species was detected in 

the endosperm of wheat [2]. This protein was then named purothionin in the 1970s. In later 

years, several plant-derived AMPs belonging to the thionin group have been discovered [3]. 

The therapeutic use of penicillin (discovered in 1928 by Alexander Fleming) began in 

the 1940s [4], marking the golden age of antibiotics and shifting focus away from research on 

other antimicrobial agents. In 1939, between the discovery and clinical application of penicillin, 

the first AMP was described by Dubos et al, when an extract with antimicrobial activity was 

isolated from a Bacillus brevis strain in soil, which proved to be effective against 

Pneumococcus infection in mice [5]. 

A year later, Hotchkiss and Dubos successfully isolated the active molecule from the 

extract, naming it gramicidin [6]. Although it seemed to exert some toxic effects systematically, 

it aided in wound and ulcer healing when applied externally, therefore clinical use soon became 

available [7]. This was followed by Dubos and Hotchkiss' discovery of tyrocidin in 1941 [8], 

and the identification of the aforementioned purothionin in 1942. 

In the 1960s, the emergence of multi-resistant bacteria [9] renewed the interest in 

molecules with antimicrobial properties. Consequently, researchers redirected their focus 

towards antimicrobial peptides, leading to the discovery of numerous molecules with protective 

functions in the following decades [10]. During the 1950s and 1960s, several research groups 

observed that white blood cells in various species, including rabbits, humans, and guinea pigs, 

could produce cationic proteins with antimicrobial properties, seemingly independent of 

adaptive immunity [11]. Bombinin, often regarded as the first animal-derived AMP, was isolated 

in 1962 from the skin secretions of Bombina variegata toads [12]. Since then, various 

bombinin-like peptides have been identified from this and other species within the Bombina 

genus [13]. Lactoferrin (or lactotransferrin), a protein with iron-binding abilities, was initially 

isolated from cow's milk by Sorensen et al. in 1939 [14]. However, its antimicrobial activity was 

only recognized after its discovery in breast milk during the 1960s [15–18]. Concurrently, 

researchers found that immunizing wax moth larvae against Pseudomonas aeruginosa 

prompted the production of a bactericidal protein targeting this pathogen [19]. 
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In the 1970s and 1980s, several independent research groups identified various AMPs 

from human and rabbit white blood cells [20], including lactoferrin [21], 

bactericidal/permeability-increasing protein [22], defensins [23], and serine protease 

homologues [24]. In 1981, Boman and colleagues induced the production of alpha-helical 

cationic peptides in the larvae of the silkworm (Hyalophora cecropia), later named cecropins 

[25, 26]. Additionally, in 1987, Zasloff and co-workers isolated AMPs from African clawed frogs, 

and named them magainin from the Hebrew word for shield [27]. 

During the 1990s, the idea that AMPs might play a crucial role in the defense of 

organisms lacking adaptive immunity gained attention [28]. This hypothesis was supported by 

the studies on Drosophila melanogaster, where the deletion of an AMP encoding gene resulted 

in diminished defense against fungal infections [29]. In recent years, numerous AMPs have 

been discovered in invertebrates, particularly from the skin secretions of various amphibians. 

The dermaseptins, produced by tree frogs, represent the largest group, with hundreds of 

members identified to date [30–32]. Additionally, several plant-derived antibacterial and 

antifungal molecules have been isolated [33]. The search for novel AMPs continues 

unchanged, with recent efforts focusing on the production of synthetic peptides engineered to 

minimize cytotoxicity while maximizing efficacy. 
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Figure 1. The multifaceted effects of Antimicrobial Peptides. Own figure, created with 

BioRender.com. 

3.2.2 Antimicrobial mechanisms 

The antimicrobial effects of AMPs can be categorized into two primary mechanisms: 

direct killing and immunomodulation (see Figure 1). The direct killing mechanism is mainly 

attributed to their cationic nature, primarily presented by lysine, arginine, and histidine 

residues. Moreover, the hydrophobicity of these peptides, typically facilitated by amino acids 

such as valine, leucine, isoleucine, alanine, methionine, phenylalanine, tyrosine, and 

tryptophan is crucial for bacterial membrane permeabilization [34]. Additionally, the 

amphipathicity of AMPs, which includes a balance between cationic hydrophilic and 

hydrophobic molecular segments, also plays a significant role [35]. These properties - peptide 

charge, hydrophobicity, and amphipathicity - collectively determine the antibacterial activity 

and cytotoxicity of each AMP, contributing to their unique characteristics. 

The direct antibacterial action of AMPs can be divided into two processes: attachment 

to the cell membrane with pore formation, and subsequent action within the cell cytoplasm or 

nucleus [36]. While the speed and precise mechanism of bactericidal action may vary for each 

peptide, there are identifiable steps and processes that generally describe the action of AMPs 

[37]. 
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Cationic peptides have an affinity for the outer surface of bacteria, which tends to be 

more negatively charged due to the presence of outwardly directed anionic "head" groups of 

phospholipids. Additionally, in Gram-negative bacteria, abundant lipopolysaccharide (LPS), 

and in Gram-positive bacteria, lipoteichoic acid (LTA) molecules contribute to this negative 

charge [38]. To initiate pore formation, peptides must accumulate at a certain concentration on 

the bacterial membrane, typically in the micromolar range [35]. 

The pore formation mechanism of AMPs can be explained by three models (see Figure 

2). One of these is the barrel-stave model, observed in relatively few AMPs. In this case, 

peptides with α-helix or β-edge structures initially align parallel to the membrane. Upon 

reaching the required concentration, they form a barrel-shaped pore perpendicular to the 

membrane, with a hydrophobic membrane-facing portion and a hydrophilic luminal section [39, 

40]. Another model is the "toroidal pore" model, analogous to the barrel-stave model but with 

fewer peptide-peptide interactions and more peptide-membrane interactions within the pore. 

In this model, the membrane recoils to form part of the pore, with the head portions of 

phospholipid molecules facing the interior of the pore [40]. The "carpet model" offers a different 

approach, where AMPs do not form pores but aggregate parallel to the cell surface. With 

sufficient peptide accumulation, the cell membrane ruptures due to the detergent-like action of 

the peptides. In this scenario, no peptide-peptide interactions occur, and no pores are formed 

in the membrane [41]. 

 

 

Figure 2. Pore formation models for Antimicrobial Peptides (AMPs): barrel-stave model, toroidal pore 

model, and carpet (detergent) model. Round substances represent AMP molecules. Own figure, created 

with BioRender.com. 
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The generated pores and channels change the transmembrane potential, and this, 

along with the resulting disruption in permeability, proves sufficient for bacterial destruction in 

many cases. However, at times, since the channels only remain active for a short period [42], 

the peptides that enter through them disrupt the function of intracellular polyanionic molecules, 

such as the deoxyribonucleic acid (DNA) [43], or they can deter the synthesis of proteins and 

nucleic acids [44, 45]. Moreover, certain peptides can interfere with cell wall synthesis by 

interacting with specific precursors, such as lipid II molecules [46]. Some AMPs are capable 

of this even without forming pores in the membranes but by entering cells through alternative 

means, allowing for bactericidal effects to be achieved with lower concentrations [37]. It is also 

noteworthy that cationic peptides can potentiate the effects of certain antibiotics by facilitating 

their entry into bacterial cells through the channels they form [47]. 

3.2.3 Immunomodulatory properties 

AMPs are produced by almost every living organisms – bacteria, plants, insects, 

invertebrates and vertebrates all use these peptides in their defense system against harmful 

microorganisms [47]. In humans and mammals, various AMPs are produced by white blood 

cells and epithelial cells in the skin and gastrointestinal (GI) tract [48]. These peptides can 

accumulate in high concentrations in specific locations, such as leukocyte granules [49] or 

intestinal crypts [50]. At such concentrations, they can directly damage bacterial membranes, 

exerting bactericidal effects. However, these high concentrations are rarely achieved except in 

specific instances mentioned above. In most sites, AMP concentrations are significantly lower 

and may not be directly antimicrobial due to the presence of physiological concentrations of 

salts, proteins, lipoproteins, and glycosaminoglycans, which can inhibit their action [51]. 

Nonetheless, even at lower concentrations, AMPs may still inhibit pathogen proliferation. For 

instance, IDR-1, a synthetic AMP lacking in vitro antimicrobial activity, has been shown to 

protect mice from infection by pathogenic microorganisms [52]. This underscores that the 

effects of AMPs often involve active and complex manipulation of the immune system rather 

than direct antimicrobial action. 

Their immunomodulatory effects include the activating, attracting, and differentiating 

effect of various cells, along with the modulation of inflammatory mediator and reactive 

oxygen/nitrogen species (ROS/RNS) production [53]. Recently, increasing attention has been 

directed towards these effects of the AMPs. Understanding their role in the immune system in 

detail is crucial for their successful utilization in treating various diseases (see Figure 3). 
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Figure 3. The effects of Antimicrobial Peptides on the immune system. ROS=Reactive oxygen 

species, RNS=reactive nitrogen species. Own figure, created with BioRender.com. 

Several AMPs can be produced and released by white blood cells, mainly neutrophils 

(or, in the case of birds, heterophils). The degranulation of these cells results in relatively high 

concentrations of AMPs, which (directly or indirectly) leads to the chemoattraction of different 

types of immune cells, for example, T-cells, eosinophils, macrophages and mast cells [54]. 

Direct attraction is mediated by several chemokin receptors, toll-like receptors and G-protein 

coupled receptors. Furthermore, defensins were shown to attract immune cells not only directly 

but also by increasing the expression of interleukin-8 (IL-8) in epithelial cells [55]. Additionally, 

it was demonstrated that AMPs exhibit a wide range of pro- and anti-inflammatory properties 

toward tissue resident cells as well as recruited leukocytes [51]. These peptides also play an 

important role in connecting the innate and adaptive immunity, mainly by attracting the different 

leukocytes to one place and therefore enabling them to interact with one another. 

Another aspect of immunomodulation is when the polarization of macrophages is 

directed either towards the pro-inflammatory M1 or the anti-inflammatory M2 phenotype [56]. 

Several AMPs demonstrate this effect, for example the humane cathelicidin LL-37, which 

directs macrophages towards the M1 type [57]. Furthermore, AMPs have the ability to increase 

the synthesis and change the concentrations of cytokines and chemokines, however the 

precise mechanism underlying this effect varies greatly depending on the peptide and cannot 
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be explained generally. They can, however, alter the immune response in a wide range of 

mechanisms through these signaling substances [51]. 

3.2.4 Cathelicidins 

Cathelicidins, one of the largest groups of naturally occurring AMPs, have a significant 

impact on innate immune function [51]. Besides epithelial cells in the digestive, respiratory and 

reproductive tracts, they are mostly expressed in myeloid progenitor cells and their pro-

peptides are held in neutrophil granules where they undergo proteolytic cleavage upon 

degranulation to transform into active forms [58]. Among them, human LL-37, transcribed from 

the cathelicidin AMP (CAMP) gene, is the best-known and most extensively studied, as it is 

produced by various immune and epithelial cells [59]. Besides its direct antimicrobial activity, 

LL-37 exhibits diverse immunomodulatory effects depending on cell type and inflammatory 

stimuli [60]. Epithelial cells release LL-37 in response to injury or infection [59], with its 

secretion stimulated by vitamin D3 [61]. The influence of LL-37 on immune cells is complex, 

as it binds to numerous extracellular and intracellular receptors and capable of inducing 

hundreds of genes [62]. It also exerts anti-inflammatory effects by promoting the differentiation 

of macrophages into M1 pro-inflammatory cells, thereby enhancing cellular defense [57]. 

However, LL-37 can also reduce the production of pro-inflammatory cytokines in response to 

inflammatory stimuli, mitigating the adverse effects of inflammation [63]. 

Cathelicidins have well‐documented broad‐spectrum activity in vitro. For example, 

bovine cathelicidins BMAP‐27, BMAP‐28 and analogs were found to be effective against a 

wide range of clinical isolates (including antibiotic‐resistant Gram‐positive and Gram‐negative 

bacteria) at low micromolar MICs. BMAP‐27 and selected analogs were especially potent 

against Gram‐negative bacteria, and BMAP‐28 against Gram‐positive, and several peptides 

protected mice in an acute peritonitis model at doses far below toxic levels [64]. Likewise, 

chicken cathelicidins exhibit robust direct antibacterial effects: all three chicken peptides 

(CATH‐1, ‐2, ‐3) tested showed strong killing of multidrug‐resistant Staphylococcus aureus, 

Klebsiella pneumoniae, Enterobacter and other bacteria, independent of their resistance 

profiles. Repeated exposure did not induce major resistance to these peptides. [65]. 

Mechanistic studies confirm rapid bactericidal action; e.g. imaging of chicken CATH‐2 showed 

it binds and permeabilizes Escherichia coli membranes within minutes [66]. Similarly, a water‐

buffalo cathelicidin (WBCATH) killed both drug‐sensitive and MDR Mycobacterium 

tuberculosis in vitro (with electron microscopy revealing membrane disruption) and significantly 

lowered lung bacterial burdens in a mouse tuberculosis model [67]. 
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In chicken, cathelicidins play a crucial role in the fight against infections as part of the 

innate immune system. There are currently four known cathelicidins in chickens (cathelicidin 

1-3 and cathelicidin B1) which are expressed in several types of tissues including the GI, 

respiratory, and urogenital system, as well as the immune organs including the bone marrow 

and the bursa of Fabricius [58]. Cath-2 is exclusively produced by heterophils, which are 

recruited to the site of infection as a key part of the early immune response [68] and then 

release the peptide from their granules [69–71]. The advantageous effects of Cath-2 have 

been described in many species, including chicken, human, rodents, and swine [72–77]. It has 

also been proven to inhibit pathogen associated molecular pattern (PAMP)-induced pro-

inflammatory processes, and to enhance the immune protection of the host helping them to 

fight infectious diseases [71, 78–83]. 

3.2.5 Innate Defense Regulator peptides 

The development of synthetic AMPs with enhanced immunomodulatory capabilities 

represents a significant advancement. A notable example is the family of IDR peptides, 

engineered from bactenecin, the shortest naturally occurring cationic AMP found in cattle [84]. 

These peptides exhibit superior immunomodulatory activity compared to the naturally 

produced AMPs. Importantly, while they retain their cationic and amphipathic properties, which 

facilitate membrane interactions, these properties are less pronounced. This results in reduced 

direct antibacterial activity but also decreases the likelihood of cytotoxic interactions with 

eukaryotic cell membranes [52]. Presently, numerous studies are focused on exploring their 

immunomodulatory and anti-infective effects. 

The peptide IDR-1 exhibited a unique trait: it lacked direct antimicrobial activity under 

in vitro conditions. However, in experimental mouse models, IDR-1 was demonstrated to 

suppress both Gram-positive and Gram-negative bacterial infections by modulating the 

production of various inflammatory mediators [52]. Subsequently, several other IDR peptides 

were developed, including IDR-HH2, IDR-1002, and IDR-1018, all of which displayed 

promising results in various infection models involving pathogens such as Staphylococcus 

aureus, Escherichia coli, or Mycobacterium tuberculosis [53, 85]. Moreover, IDR-1002, for 

instance, has been shown to induce neutrophil granulocyte migration and cytokine production, 

as well as facilitate the delivery of other AMPs, such as the neutrophil granulocyte-derived 

cathelicidin LL-37 [86]. 

It's worth noting that IDR-1018 possesses the ability to induce macrophages to 

differentiate into a cell type exhibiting characteristics between the pro-inflammatory M1 and 

the anti-inflammatory M2 forms [87]. Promising results have also emerged from clinical 

studies: IDR-1008 demonstrated effectiveness in increasing the survival rate of mice infected 
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with malaria [88], and IDR-1002, when combined with ciprofloxacin, emerged as a promising 

candidate for expediting recovery following dental surgery [89]. 

3.3 Antimicrobial resistance 

The first feed additive containing antibiotic substance was approved for poultry in 1948, 

when sulfaquinoxaline was added to chicken feed to control coccidiosis. By the 1950s, low-

dose antibiotics were widely adopted on farms for growth promotion and disease prevention, 

contributing to an increase in meat production and also creating conditions ideal for the 

emergence of AMR [90]. Over the next decades, evidence grew that overuse of antibiotics in 

livestock contributed to AMR in pathogens. This resulted in the European Union banning 

antibiotic growth promoters in animal feed in 2006 [91]. Similar restrictions and stewardship 

programs have since been implemented or proposed in many countries. Despite these efforts, 

antibiotic use in farm animals still accounts for a significant portion of global consumption, and 

AMR has continued to rise as a pressing One Health issue [92]. 

Poultry production faces several bacterial diseases that cause considerable economic 

losses. One of the most important among these is colibacillosis, caused by avian pathogenic 

Escherichia coli (APEC). Colibacillosis can lead to septicemia and organ lesions in chickens, 

resulting in high mortality and carcass condemnations. It is prevalent worldwide and is 

responsible for significant economic losses to the poultry industry [93]. Another major disease 

is necrotic enteritis, an enteric infection of broiler chickens caused by Clostridium perfringens. 

Necrotic enteritis is ubiquitous and costly; it has been estimated to cause around $6 billion in 

annual losses globally due to reduced growth and increased mortality in flock [94]. Moreover, 

Salmonella enterica serovars such as Pullorum and Gallinarum (which cause Pullorum disease 

and fowl typhoid) can devastate flocks with high acute mortality. Pullorum disease is 

considered a serious threat to chicken health worldwide and a source of contamination in 

poultry products [95]. Additionally, zoonotic serovars like Salmonella Typhimurium often infect 

poultry subclinically, posing food safety risks. Chronic respiratory infections like 

mycoplasmosis (caused by Mycoplasma gallisepticum, Mycoplasma synoviae) are another 

significant problem: these pathogens lead to airsacculitis, poor weight gain, and drops in egg 

production, causing substantial economic losses in both meat and egg-laying operations [96]. 

Other notable bacterial diseases include fowl cholera (Pasteurella multocida) and infectious 

coryza (Avibacterium paragallinarum), which can cause high morbidity and losses, especially 

in the absence of effective antibiotics [97]. 

To combat these infections, the poultry industry has long relied on various antibiotics. 

Broad-spectrum antibiotics such as tetracyclines, beta-lactams (e.g. penicillins, 
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cephalosporins), sulfonamides (often combined with trimethoprim), aminoglycosides (e.g. 

gentamicin), and fluoroquinolones (e.g. enrofloxacin) are commonly used to treat or prevent 

bacterial diseases in chickens [98]. Macrolide antibiotics like tylosin are frequently used 

against Mycoplasma infections, and ionophore or polypeptide antibiotics (e.g. bacitracin) have 

been used as feed additives to control clostridial gut disease. Extensive use of these drugs 

has led to the emergence of resistant strains in many poultry pathogens. For example, surveys 

of APEC from commercial chickens show very high resistance rates to first-line antibiotics – in 

one recent study, over 99% of Escherichia coli isolates were resistant to ampicillin, and more 

than 90% were multi-drug resistant [99]. Salmonella from poultry has similarly evolved 

resistance to critical drugs: the use of fluoroquinolones and third-generation cephalosporins in 

poultry has selected for ciprofloxacin- and cefotaxime-resistant Salmonella, reducing treatment 

options for both animals and humans [100]. Mycoplasma gallisepticum has developed 

resistance to macrolides in some regions, and Clostridium perfringens strains with reduced 

susceptibility to poultry-used antimicrobials have been reported. The overall pattern is that 

many poultry bacterial isolates now exhibit resistance to multiple antibiotic classes, 

undermining the efficacy of traditional treatments [101]. This trend is alarming not only for 

poultry but also for public health, since resistant poultry pathogens or resistance genes can 

spread to humans through the food chain. 

In response to rising AMR, there is growing interest in alternatives to antibiotics for 

poultry. One promising strategy is the use of AMPs as feed supplements or therapeutic agents 

(detailed description of AMPs can be found in the next chapter of this dissertation). A limited 

number of AMP-based products have already been tested in farm animals, however, specific 

poultry diseases have been targeted in recent studies to evaluate AMP efficacy. For example, 

necrotic enteritis control has seen advances using AMPs: in an experimental infection, adding 

a novel peptide to the feed of broilers significantly reduced Clostridium perfringens-induced 

gut lesions and improved growth performance, performing as well as a conventional antibiotic 

growth promoter in mitigating necrotic enteritis outcomes. This suggests AMPs could be a 

viable substitute for antibiotics in preventing clostridial enteritis in chickens [102]. 

Another case is Salmonella Pullorum (fowl typhoid), where a specific designer peptide 

(named HJH-3) was tested as a therapeutic. In infected chicks, oral administration of HJH-3 

protected over 70% of the birds from lethal dose exposure – a survival rate comparable to that 

achieved with ampicillin treatment. The peptide-treated chickens had lower bacterial counts in 

organs and milder intestinal lesions, demonstrating that AMPs can prevent and treat systemic 

Salmonella infections in poultry [95]. There is also evidence that dietary AMPs can help control 

colibacillosis and improve gut health. For instance, feeding broilers a lactoferrin-derived 
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peptide was shown to reduce intestinal Escherichia coli populations while boosting beneficial 

bacteria, thereby enhancing disease resistance in the flock [92]. 

These examples illustrate that AMP-based interventions could target a range of poultry 

pathogens – from gut bacteria causing enteritis to respiratory or systemic infections – offering 

an alternative to conventional antibiotics. Although challenges remain (such as cost of 

production and stability of peptides in feed), the continued development of AMPs and other 

feed additives is a critical part of reducing antibiotic use and combating antimicrobial resistance 

in the farm industry. 

3.4 Anatomy and immune system of the gut and liver 

of chickens 

Chickens held in high-density farming environments are at increased risk of infections, 

especially of GI origin. Their GI tract is exposed to several negative impacts, including rapid 

growth, crowded housing, possible stress caused by heat or transportation, and various 

pathogenic microbes [103]. The maintenance of gut health is of great importance as the GI 

mucosa is the first line of defense to interact with pathogenic agents entering the body, 

therefore, it has a rather complex role in regulating the differentiation between neutral and 

harmful molecules. Gut health is defined as the adequate function of four major components: 

nutrition, microbiome, GI mucosa and immune system [104, 105]. 

The GI tract of chickens has unique anatomical, histological, and physiological 

characteristics. It is relatively shorter than in most mammals, therefore, it has a lesser retention 

time [106], which makes it even more important to keep its functions at the highest possible 

level. Their keratinized tongue acts as a first line of defense, as besides the physical barrier it 

provides, it can produce several AMPs, for example, defensins and gallinacins [107]. Through 

the esophagus, the food first enters the crop which is an important site for fermentation as a 

temporary storage with several types of microorganisms living there [107] and also provides 

protection through the production of β-defensin AMPs [108]. Then the food travels to the 

proventriculus and the muscular stomach (the gizzard). These two both produce digestive 

enzymes and HCl, which leads to lower pH levels. Besides that, the proventriculus also 

provides a mucus barrier consisting of complex carbohydrates, spasmolytic polypeptide [109], 

and AMPs, for example, β-defensin-6 [108]. 

The small intestine (duodenum, jejunum and ileum) has a complex function in the 

digestion and the protection against foreign substances. Its outer layer with the finger-like villi 

and the glandular crypts provides four types of barriers: microbial, chemical, physical and 

immunological [110]. The chemical consists of the production of digestive enzymes, and the 
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physical is provided by the mucus (mucopolysaccharide) layer and the tight junction between 

the epithelial cells [106]. The outer layer of the mucus provides a habitat and a source of 

nutrients for commensal bacteria, while inhibiting the growth of pathogenic microorganism 

[111]. Meanwhile, the inner layer acts as a “protected zone”, as it separates the content of the 

intestinal lumen from the host. It produces several types of AMPs, immunoglobulin A (IgA), and 

other bioactive molecules [112].  

Compared to mammals, chickens have shorter large intestines. The colon's structure 

is similar to that of the small intestine, and it has an essential role in the metabolism of nitrogen 

and the absorption of water. In addition to being an important site for fermentation and water 

absorption, the caecum also produces a significant quantity of vitamins and volatile fatty acids 

from the fermented fibers. [107]. 

Since several kinds of antigens from diet and the microbiome of the gut constantly 

challenge the immune system, inflammation, which is an essential component of both innate 

and adaptive immune responses, plays a crucial role in the protection of the host from 

pathogen microorganisms. Besides, it also has an important part in the healing processes 

following damage to the epithelium and also in the maintenance of gut health. Therefore, to 

maintain the balance between pro- and anti-inflammatory processes is of great importance, as 

it is crucial for the well-being of the animal [106]. In the case of an infection, PAMPs are 

recognized by various Toll-like receptors (TLRs, for example TLR1, 2, 3, 4, 5, 7 and 15 [78]) 

expressed on the surface of around 20 types of epithelial and immune cells [113]. The 

activation of these receptors results in the induction of signaling cascades, such as the 

mitogen-activated protein kinase (MAPK) and the nuclear factor-κβ (NF-κβ) pathways. As a 

consequence, several different cytokines, chemokines and even AMPs will be produced [78]. 

The cells responsible for the immune system of the gut are part of the gut-associated 

lymphoid tissue (GALT). There are several diffusely located cells and some organized 

lymphoid structures as well. The latter are the bursa of Fabricius, the cecal tonsils, the Peyer’s 

patches, the Meckel’s diverticulum, and the lymphocyte follicles in the lamina propria layer of 

the epithelium. It is important to note that chickens do not have the same lymph nodes as 

mammals, instead they have lymphoid aggregates. These are mostly consisted of heterophils, 

macrophages, dendritic cells, natural killer (NK) cells, B and T cells. 

B cell development takes place in the bursa of Fabricius, a primary lymphoid organ 

which is only found in avian species. The Peyer’s patches are secondary lymphoid tissues and 

are located in the lamina propria and the submucosa of the distal ileum. Together with the cecal 

tonsils, they play an essential role in regulating the immune response to pathogens entering 

the intestine as they help to facilitate the sampling of the luminal contents and the delivery of 

the antigens to the antigen-presenting cells (APCs), such as dendritic cells and macrophages 
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[114]. Although the exact function of the Meckel’s diverticulum is still unknown, it contains many 

macrophages and B cells providing help in the immune protection of the gut [115]. 

Besides absorption and digestion, intestinal epithelial cells (IECs) also play an 

especially important part in immune protection. The enterocytes form a physical barrier, the 

goblet cells secrete the mucin and Paneth cells produce several kinds of AMPs, while all IECs 

secrete cytokines and chemokines [116]. Leukocytes are drawn to the intestine by the 

concurrent release of cytokines and chemokines, where they can serve as antigen-presenting 

cells and control lymphocyte responses within the intestine [117]. The lamina propria plays a 

particularly important role in the fight against infections, as it is the last layer between the 

contents of the intestinal lumen and the host [118]. There are several kinds of immune cells 

located there: around 90% of all GI lymphocytes, alongside with granulocytes, macrophages 

and dendritic cells. 

However, not all antigens and toxins can be neutralized by the broad immune system 

of the intestines. The liver serves as the primary organ barrier for the gut-derived antigenic 

load and protects the systemic circulation against both residual oxidative and pathogen burden 

originated from the gastrointestinal tract. Its large resident immune cell population, along with 

the hepatocytes, produces a wide range of cytokines, chemokines, and acute-phase proteins. 

Inflammatory processes in this organ are highly regulated, as they serve an especially 

important role in the fight against infections, toxins, carcinogenic agents, and they also help to 

maintain immunotolerance to avoid chronic inflammatory diseases [119]. 

Besides its immunological importance, the liver also serves as the major metabolic 

organ, as it is responsible for several essential pathways. It metabolizes and synthetizes 

proteins, carbohydrates and fats, stores glycogen and various vitamins, removes toxins from 

the blood circulation, destroys red blood cells, participates in the hemoglobin metabolism, and 

secretes bile [120–122]. It has a right and a left lobe connected cranially at the midline, which 

have separate hepatic ducts entering the gall bladder. From the gall bladder, which is located 

on the visceral surface of the right lobe, two bile ducts reach the mid-distal part of the 

duodenum. The parenchyma of the chicken liver is quite similar to mammals, except it lacks 

lobules and intralobular trabeculae [123]. 

The blood arriving from the gut through the portal vein mixes with oxygen-rich blood 

from the hepatic artery, flows through the sinusoids, and leaves the liver through the central 

veins. There are many openings (fenestrations) between the endothelial cells that surround 

the sinusoids, allowing contact between substances of intestinal origin and hepatocytes and 

non-parenchymal cells [124]. First, the hepatocytes and the resident macrophages of the liver, 

the Kupffer cells recognize PAMPs and damage associated molecular patterns (DAMPs) with 

a wide range of pattern recognition receptors (PRRs) [125, 126]. As the liver tries to protect 

the body from excessive inflammation, these molecules induce phagocytosis and get degraded 



23 

by the cells without the release of inflammatory mediators [119]. The liver's resident immune 

cells fill the sinusoids and the subendothelial compartment, also known as the space of Disse, 

where lymph gathers and passes into the lymphatic arteries adjacent to the portal tract. These 

cells are mostly different kinds of APCs, myeloid-, and lymphoid cells [119]. Among myeloid 

cells, Kupffer cells are the most important as they take up almost the third of the non-

parenchymal cells of the liver, while they are 90% of all fixed macrophage population in the 

body. They express several immune receptors (including TLR2, 3, 4, 5, 7, and 15 [78]), and 

have an important role in phagocytosis, cytokine production, tissue repair mechanisms, 

immune regulation and liver regeneration processes [127]. Additionally, a number of studies 

have demonstrated the presence of several AMPs in the liver, which are produced in response 

to infections and assist in immune regulation and the defense against infectious pathogens 

[128–130]. 

As can be seen above, the gut-liver axis is of particular importance in the management 

of GI infections. Broiler chickens with an immature immune system are prone to develop 

dysbacteriosis and necrotic enteritis, which leads to the disruption of the intestinal integrity and 

the leakage of microbial toxins and byproducts through the epithelial barrier. Consistent 

inflammation and its associated adverse effects result in repressed weight gain and thus 

decreased productivity in poultry [131]. Modeling these pathologies in vitro is relevant to finding 

potential molecules for the prophylaxis of intestinal and hepatic inflammatory and oxidative 

damage induced by gut-originated pathogen load. 

3.5 Benefits and limitations of in vitro cell cultures 

and explant cultures 

Cell cultures are an essential part of scientific research today, contributing significantly 

to reducing the number of animals used in experiments. They provide a cost- and time-efficient, 

easy way to test various pharmaceuticals or toxic substances, and they are also widely used 

in the field of various disease and cancer research. Although they have many advantages, cell 

cultures cannot be considered the best solution to every scientific question. However, if their 

limitations are recognized, they can be an extremely valuable tool to study a variety of ideas. 

The first cell cultures were created by using small pieces of organs, where the cells 

migrated from the removed tissue into the surface. Ross Harrison (1870-1959) was the first to 

successfully grow tissue outside of an organism while studying the nerve development of frogs 

in 1907, and he also established the “hanging drop” technique [132]. Alexis Carrell (1873-1944) 

and Montrose Burrows (1884-1947) further advanced these methods, inventing new solutions 

for cell culture media and plate surfaces [133]. They successfully cultured tissues from 
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embryonic and adult tissues of chicken, dog, cat, rat, and guinea pig [134]. Carrell developed 

the first cell line, which was maintained from 1912 to 1946, two years after his death, by his 

assistant. Carrell worked together with Charles Lindbergh (1902-1974) and they contributed 

hugely to this area through the years [135]. 

However, cell cultures did not become popular until the early 1940s, when a synthetic 

cell culture media was designed, which allowed scientists to maintain cell lines for a prolonged 

time [136]. One of the firsts to achieve that was Wilton R. Earle (1902-1964), who managed to 

isolate the first continuous cell line from mouse fibroblasts in 1943 [137], and later he also 

developed the first cell line from colon cells [138]. In 1951, the first human cell line was obtained 

by George Otto Gey (1899-1970) from Henrietta Lacks, who suffered, and later died from 

cervical cancer. The HeLa cell line later contributed to several life-changing scientific 

discoveries, for example, the polio vaccine, and is still used by various research teams in the 

areas of virology, cancer, genetics, and toxicology [135]. Nowadays many cell lines are 

available on the market, mostly from cells isolated from cancerous or embryonic tissue. 

Cell lines are undoubtedly useful, as they are cost-efficient and easy to maintain in a 

laboratory environment, besides, they consist of a uniform population of cells providing us with 

a more homogenous sample. On the other hand, continuous cell line passage can significantly 

alter their genetic, and consequently their phenotypic, physiological, and metabolic profile, 

which can eventually lead to subculture heterogeneity. Because of this, cell lines do not always 

accurately reflect conditions in vivo and might produce unexpected or, in rare situations, even 

deceptive results [139]. Another threatening factor is the contamination of cell lines with either 

intracellular pathogens (e.g. Mycoplasma) or other cell lines. Results from a wide-ranging 

screening investigation indicate that HeLa cells were present in the majority of cell lines that 

cell banks distributed and used around 1970-80 internationally [140]. In light of this, it's critical 

to be cautious when interpreting the results of cell line studies. 

A better solution may be the use of primary cell cultures, which are cell fractions isolated 

from an organism and maintained only for a couple of days, not leaving enough time for genetic 

modifications. To isolate cells from tissues, at first, the extracellular matrix needs to be 

disturbed by proteolytic enzymes, such as trypsin and collagenase, and with agents that can 

bind the Ca2+ on which cell-cell adhesion depends, such as ethylene-glycol tetra-acetic acid 

(EGTA) [141]. The traditional method relies on cells being exposed to a surface coated with an 

extracellular matrix component, most commonly collagen, which is a key component of the 

extracellular matrix and therefore plays an important role in the formation of the natural 

medium, without which cells cannot differentiate [141]. It also helps them to surface and 

monolayer and increases their lifespan. Depending on the cell type, other extracellular matrix 

components such as fibronectin or laminin may be used, but also synthetic molecules such as 

poly-L-lysine. A single layer of cell culture is formed on the surface of a properly coated culture 
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dish, in which cells can grow at the same rate, as they can take up similar amounts of nutrients. 

Many researchers still use this method today because it is simple and effective, but the 

disadvantage is that the cell cultures created by this method are far from the natural structure 

of living organelle tissues. In some ways, sandwich culture has proven to be more favorable 

than the traditional technique for the cultivation of many cells. It involves placing the cells 

between two layers of extracellular matrix, polyacrylamide or collagen. In sandwich culture, the 

shape and function of the cells more closely resemble that of living tissue [142]. 

There is also the possibility to culture more than one type of cell at the same time. 

These are called co-cultures, and, in contrast with mono-cultures, can be used to identify the 

interactions between different cell types [143]. In co-culture models, three forms of cell-cell 

interactions are apparent: cell adhesion, cell-extracellular matrix connection, and paracrine 

communication via soluble chemicals. Depending on the culture environment, these three 

forms of interactions can exist separately or have an impact on the cell cultures simultaneously. 

Cells in co-cultures can either be mixed with each other prior to seeding, or they can be 

separated by a porous membrane, depending on the intended use and on the cell types [144]. 

Another aspect of studying tissues are the ex vivo explant cultures. They are small 

pieces of tissue isolated from an alive or euthanized animal, or from humans through surgery 

or biopsy. Although their lifespan is shorter, they have characteristics much closer to the in vivo 

conditions [145]. For example, in the intestine, it would be especially complicated to study the 

complex interface epithelial cells have with a variety of immune cells using cell culture 

techniques, therefore, explants are considered more favorable in this case [146]. The first ones 

to isolate explants from human small intestine were Browning and Tier in 1969, who, with this 

discovery, opened the path to use intestinal explant cultures for a variety of goals – e.g. to 

study the gut homeostasis, the pathogenesis of gut-related diseases, enzyme and hormone 

production, cancer development, or the effect of drugs and toxins in the intestine [147]. The 

main limitation of explant cultures is their sensitivity, as they require an oxygen-rich 

environment and a liquid-tissue-gas interface to avoid cell necrosis [148]. One possible 

solution would be to decrease the size of the explants, and to use younger donors, as their 

cells could be more resistant to anoxia [149]. The method of Zhan et al. [150], which was 

further advanced by our research group [145] allows us to isolate tissue samples in an easy 

and quick way using a punch biopsy sampler, and to maintain them without the presence of 

tissue necrosis for the duration of the treatments by choosing the right size. 

3.5.1 Inflammatory Cell Culture Models 

A significant area of cell culture use is the investigation of different inflammatory and 

immunological pathways and mechanisms. In order to study an anti-inflammatory or 

immunomodulatory molecule, an effective way to induce inflammation in the cell culture is 
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inevitable. The agent used to activate inflammatory pathways must be chosen carefully, 

considering the cell types used in the study, the mechanism of action of the molecules to be 

tested and the potential cytotoxicity. 

PAMPs are one of the most commonly used substances for these purposes. They are 

derived from pathogenic bacteria and viruses that trigger inflammatory responses when 

recognized by the PRRs of the immune cells. Many PAMPs have been described and used 

both in in vivo and in vitro studies, the most common ones are proteins, lipoproteins, RNA and 

DNA species [151]. 

In order to investigate the effect of immunomodulatory substances, there is a need for 

an effective inflammatory model. Several types of PAMPs may be applied to trigger cellular 

inflammatory and stress response in in vitro cultures. The TLR agonists of the highest 

importance and clinical relevance are LPS derived from the Gram-negative [152], and LTA 

derived from the Gram-positive bacterial cell wall [153]. LPS and LTA can both bind 

nonspecifically to membrane phospholipids of red blood cells, however, in most cell types they 

bind to TLR4 (in the case of LPS), TLR2 (in the case of LTA) or to CD14 receptors and activate 

the NF-κB pathway, which leads to the production of several pro-inflammatory cytokines, 

depending on the cell type [154]. LPS from O55:B5 chicken pathogen Escherichia coli is most 

frequently used in vitro on chicken cell lines and cultures [155, 156]. Staphylococcus aureus 

LTA proved to induce oxidative burst via TLR activation initiated Protein kinase C (PKC) 

dependent transduction in chicken heterophil granulocytes [157]. 

Phorbol myristate acetate (PMA) is commonly used in human medical research both in 

vivo and in vitro to induce inflammation and thus challenge the therapeutic effects of 

substances with anti-inflammatory nature. Applying PMA was coupled to elevated 

proinflammatory cytokine release and COX-2 expression [158, 159]. Meanwhile, the oxidative 

response induced by PMA is remarkably stronger than the ones triggered by LTA and LPS 

stimulation; a selective PKC inhibitor could block this activation. Therefore, it presumably 

activates the cellular inflammatory response in a somewhat different manner [160]. 
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4 Significance and aims of the study 

The necessity for developing antibiotic substitutes continues to increase due to the 

threat posed by antimicrobial resistance. The replacement of antibiotic therapy is especially 

crucial for chickens, as they are representing the majority of farm animals. Even in subclinical 

forms, infections can impair productivity by weakening the flock. Infections of intestinal origin 

are among the most common in poultry, therefore the investigation of the intestinal and hepatic 

immune response is of great importance. AMPs could provide a feasible solution for the 

treatment of infectious diseases among poultry, however, several questions arise before they 

can enter clinical trials. This PhD thesis tries to answer some of these questions. 

Our research group has already established and characterized a primary co-culture 

comprised of hepatocytes and non-parenchymal cells (predominantly resident macrophages, 

the Kupffer cells) and an intestinal explant model, both of which can serve as a potent tool to 

investigate inflammatory processes related to infections in chickens. In order to do that, first, 

an inflammatory model had to be established, therefore this was our first goal. As former 

studies presented that this kind of cell culture model reacts somewhat differently to 

inflammatory stimuli when compared to cell cultures of mammalian origin, several PAMPs were 

needed to be tested. 

Our next question was whether the AMPs chosen for this study, Cath-2 and IDR-1002 

have any decreasing effect on the viability of cells in either the hepatocyte ‒ non-parenchymal 

cell co-culture or the intestinal explants. As AMPs have been proven to have damaging effects 

on cell membranes and even found to be toxic to some cell types when applied in higher 

concentrations, it is certainly an important aspect to determine for their usability. 

Our main goal, besides investiganting their potential toxicity was to define the 

immunomodulatory effects these peptide may have on our models. As most AMPs, Cath-2 and 

IDR-1002 are also proven to have broad immunomodulatory effects, and they affected the 

immune function of different cell types diversly. Confirmed by previous studies that these 

effects can vary between species and cell types, we believe that it is cruicial to have reliable 

information on the specific characteristics these peptides have on the hepatic and intestinal 

cells of chickens. Furthermore, the recognition of the interrelations between redox and 

immunological processes in our models may be of great importance. 

  



28 

Goals of my PhD thesis are summarized as follows: 

Ad 1, to develop an inflammatory model on our hepatocyte ‒ non-parenchymal cell co-

culture model of chicken origin. 

Ad 2, to test the effect Cath-2 and IDR-1002 have on the cell viability of the hepatocyte 

‒ non-parenchymal cell co-culture and the intestinal explants. 

Ad 3, to investigate the immunomodulatory effects of Cath- 2 on the hepatocyte ‒ non-

parenchymal cell co-culture and the intestinal explants. 

Ad 4, to investigate the immunomodulatory effects of IDR-1002 on the hepatocyte ‒ 

non-parenchymal cell co-culture and the intestinal explants. 
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5 Materials and methods 

5.1 Ethic statement 

The hepatocytes and non-parenchymal cells for the hepatic cell cultures and the 

intestinal explants were isolated from a 3-week-old male Ross-308 broiler chicken. All 

experiments were in accordance with European Union laws, institutional guidelines, confirmed 

by the Local Animal Welfare Committee of the University of Veterinary Medicine Budapest, and 

permitted by the Government Office (number of permission: GK-419/2020; approval date: 11 

May 2020). 

5.2 Chemicals and reagents 

Unless stated otherwise, all chemicals were purchased from Merck (Darmstadt, 

Germany). 

5.3 Study design 

The present work aimed to investigate the immunomodulatory effects of two AMPs on 

the immune response of chicken, Cath-2 and IDR-1002. Both in vitro models employed in the 

studies were developed by our research group: first, the peptides were studied on a hepatocyte 

– non-parenchymal primary cell co-culture and then an intestinal explant model was used. 

Five different experiments (Preliminary study and Studies I-IV) have been conducted 

as part of the present dissertation. The preliminary study aimed to establish a reliable and 

reproducible inflammatory model on the hepatic cell culture developed earlier by our research 

group. In Study I and Study II, the immunomodulatory effects of the two AMPs, Cath-2 and 

IDR-1002 were investigated on the hepatocyte ‒ non-parenchymal cell co-cultures of chicken 

origin. Then, in Study III and Study IV, the same peptides were applied to chicken intestinal 

explant cultures to observe their effect on the immune response of the gut wall. The 

development of the intestinal explant isolation and culturing methodology and the assessment 

of various pro-inflammatory agents in the explant cultures were also performed by our research 

group, but as these studies are not part of this dissertation, they will not be discussed in such 

detail as in the case of the hepatic cell cultures. 

All studies include the measurement of cell viability parameters, as it is inevitably 

important to investigate the potential toxic effects of the compounds. First of all, it is crucial to 

recognize whether the results are affected by excessive damage of the cells, for example, 
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reduced cytokine production can be caused by a reduction in cell number or diminished cell 

viability. Second, the potential future in vivo use of AMPs also necessitates knowing the 

correlation between different concentrations and possible harmful effects on cell viability. To 

monitor this, two types of tests were employed. Metabolic activity was measured by the CCK 

(cell counting kit) test and extracellular lactate dehydrogenase (LDH) activity was assessed to 

show damage to the cell membrane, as this intracellular enzyme only escapes the cells if 

membrane is not intact. These two parameters together provide sufficient information on cell 

viability levels. 

Several inflammatory and redox parameters were also measured during the studies. 

PMA and LTA as pro-inflammatory agents were chosen based on the data gained from the 

Preliminary study. As the results from Study I showed no promising effects regarding PMA, it 

was decided to leave it out from Study II. PMA was also applied to the intestinal explants in a 

study which is not part of this dissertation, but as it had almost no pro-inflammatory effects on 

the explants, it was not included in Study III and Study IV. 

The study design is explained in more detail in Table 1. 
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Table 1.: Study design 

 

 
Model 

Investigated 

compounds 

Cell viability 

parameters 

Inflammatory 

parameters 

Redox 

parameters 

Preliminary 

Study 
Chicken hepatocyte – non-

parenchymal cell co-culture 
LPS, LTA, PMA 

Metabolic activity and 

extracellular LDH 

activity 

CXCLi2 and IL-6 

concentrations 
- 

Study I 
Chicken hepatocyte – non-

parenchymal cell co-culture 

LTA, PMA 

Chicken 

cathelicidin-2 

Metabolic activity and 

extracellular LDH 

activity 

CXCLi2, IFN-γ, IL-10 and M-

CSF concentrations 

H2O2 and MDA 

levels 

Study II 
Chicken hepatocyte – non-

parenchymal cell co-culture 

LTA and IDR-

1002 

Metabolic activity and 

extracellular LDH 

activity 

CXCLi2, IL-6, IL-16, IFN-γ, IL-

10, M-CSF and RANTES 

concentrations 

H2O2, Nrf2 and 

PC levels 

Study III Chicken intestinal explant 

LTA and 

Chicken 

cathelicidin-2 

Metabolic activity and 

extracellular LDH 

activity 

CXCLi2, IL-6, IL-2, IFN-γ, IL-10 

concentrations and IFN-γ/IL-10 

ratio 

- 

Study IV Chicken intestinal explant 
LTA and IDR-

1002  

Metabolic activity and 

extracellular LDH 

activity 

CXCLi2, IL-2, RANTES, IFN-γ, 

IL-10 concentrations and IFN-

γ/IL-10 ratio 

- 
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5.4 Preliminary study: induction of inflammation 

5.4.1 Cell isolation 

The hepatocytes and non-parenchymal cells were isolated from a 3-week-old male 

Ross-308 broiler chicken. The animal arrived to our laboratory from the hatchery of Gallus Kft. 

(Devecser, Hungary), was fed according to Ross Technology, feed and water were offered ad 

libitum and all efforts were made to support the welfare of the animal. 

Slaughter of the chicken was done by decapitation. After opening the body cavity and 

accessing the liver, the portal system was cannulated through the gastropancreaticoduodenal 

vein (Figure 4). In order to remove the blood and disrupt the connective tissue of the organ, a 

three-step perfusion was performed with 150 mL of 0.5 M EGTA containing Hanks’ Balanced 

Salt Solution (HBSS) buffer, 150 mL EGTA-free HBSS and in the final step, 100 mL HBSS 

supplemented with 100 mg collagenase type IV, 7 mM CaCl₂ and 7 mM MgCl₂ (Nordmark, 

Uetersen, Germany) as described previously by Mackei et al [161]. After removal of the liver 

and the disruption of the Glisson’s capsule, the cells were suspended in 50 mL ice cold bovine 

serum albumin (BSA, 1.25 g) containing HBSS buffer and filtered through three layers of sterile 

gauze. To prevent cell aggregation, this cell suspension was then kept on ice for 45 minutes. 

Following this, the suspension was centrifuged three times at 100x g for 3 minutes. The pellet 

containing hepatocytes was resuspended in Williams Medium E supplemented with 0.22% 

NaHCO3, 50 mg/mL gentamycin, 0.5 µg/mL amphotericin B, 2 mM glutamine, 4 µg/L 

dexamethasone, 20 IU/L insulin, and 5% fetal bovine serum (FBS). The FBS was only present 

in the medium for the first 24 hours after seeding. 
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Figure 4. Perfusion of the chicken liver with collagenase-containing buffer solution. 

To guarantee that any remaining hepatocytes, cell debris, and erythrocytes were 

sedimented, the supernatant containing non-parenchymal cells was centrifuged once more at 

350x g for 10 minutes. Thereafter, the supernatant was centrifuged at 800x g for 10 minutes, 

and the pellet was resuspended in Williams Medium E. Viability of the isolated hepatocytes 

and non-parenchymal cells was confirmed by trypan blue exclusion test. The cell suspensions 

were diluted to 8.5*105 cells/mL in case of the hepatocyte-enriched fraction and to 1.5*105 

cells/mL in case of the non-parenchymal cell-containing fraction. Both hepatocyte and non-

parenchymal cell-enriched fractions (the latter mostly containing macrophages) have been 

previously characterized by flow cytometry and immunofluorescent detection of specific 

markers for hepatocytes and macrophages [161]. 

After mixing the cell suspensions in the ratio of 6:1 (hepatocytes to non-parenchymal 

cells) ‒ which modeles a mild hepatic inflammation and therefore creates the conditions for an 

inflammatory response ‒ the hepatocyte- non-parenchymal cell co-cultures were seeded onto 

96-well plates (Greiner Bio-One Hungary Kft., Mosonmagyaróvár, Hungary) previously coated 

with collagen type I (10 μg/cm2). The seeding volume was 100 µL/well. The cell cultures were 

incubated at 37°C in humid atmosphere with 5% CO2. Culture media were changed after 4 

hours and confluent co-cultures were gained after 24 hours (Figure 5). Culture medium 

contained 5% FBS only in the first 24 hours of culturing. Other supplements added to the 

medium during the experiment were the same as in the medium used for the seeding. 
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Figure 5. Giemsa staining of chicken hepatocyte – non-parenchymal cell co-cultures 24 hours after 

seeding (bar line = 100 µm) 

After conducting the study involving LPS and LTA, our research group have decided to 

test several other PAMPs for the induction of inflammation. Due to the length and the scope of 

this present PhD thesis, it was decided to only include the results after PMA treatment. The 

rest of the study can be found and is freely accessible in the relevant article (Sebők et al., 2021 

– can be found under “Own scientific publications”). Cells for the two parts of the study 

(LPS/LTA and PMA) were isolated from two different chickens at two different times, that is why 

two Control groups are used and the results are displayed in two sets of diagrams. 

5.4.2 Treatment of cell cultures 

In the first part of the study, the medium of the cell cultures was supplemented with 0 

(control), 10 or 50 µg/mL LPS from Escherichia coli (O55:B5), and with 10 or 50 µg/mL LTA 

from Staphylococcus aureus (referred to as LPS/LTA study onwards, n(LPS/LTA)=6/group). In the 

second part of the study, cell culture medium was supplemented with 0 (control), 100 or 1000 

ng/mL PMA (referred to as PMA study onwards, n(PMA)=5/group, except for metabolic activity, 

where n(PMA)=10/group). Cells were incubated with the treatment solutions for 24 hours. 

5.4.3 Measurements 

5.4.3.1 Metabolic activity 

The metabolic activity of the cells was measured on 96-well plates by CCK-8 assay 

(Cell counting Kit-8, Dojindo Molecular Technologies, Rockville, USA), detecting the amount of 

NADH+H+ and NADPH+H+produced in the catabolic pathways. The test was performed 

according to the manufacturer’s protocol. First, 10 µL CCK-8 reagent and 100 µL fresh 
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Williams’ Medium E were added to the cultured cells, and after a 2-hour incubation, the 

absorbance was measured at 450 nm with a Multiskan GO 3.2 reader (Thermo Fisher 

Scientific, Waltham, MA, USA). 

5.4.3.2 Extracellular LDH activity 

Extracellular lactate dehydrogenase (LDH) activity was measured from the cell culture 

media using an enzyme kinetic photometric assay (Diagnosticum Ltd., Budapest, Hungary). 

The method is based on the measurement of the NAD+ formed via the enzymic reaction of 

LDH with pyruvate and NADH+H+. Each well of a microplate was filled with 200 µL of the 

working reagent (56 mM phosphate buffer, pH = 7.5, 1.6 mM pyruvate, 240 M NADH+H+) and 

10 µL of sample. A Multiskan GO 3.2 reader was used to detect the absorbance at 340 nm. 

The LDH activity was estimated by measuring the absorbance six times in one-minute 

increments while incubating the mixture at 37°C and averaging the changes between the 

consecutive time points (n(LPS/LTA)=6, n(PMA)=5). 

5.4.3.3 Cytokine concentrations 

The concentrations of interleukin-6 (IL-6) and chicken chemotactic and angiogenic 

factor (CXCLi2, also known as chicken interleukin-8 [IL-8]) were measured in the culture media 

by chicken specific ELISA kits (MyBioSource, San Diego, CA, USA) following the 

manufacturer’s protocol. The absorbance was measured at 450 nm with a Multiskan GO 3.2 

reader (n(LPS/LTA)=6, n(PMA)=5). 

5.4.4 Statistical analysis 

All statistical analysis was performed in R v. 4.0.3 (R Core Team, 2020). Statistical 

significance was evaluated for each treatment to the corresponding control group using 

Wilcoxon signed rank test. If the p-value was less than 0.05 we have considered a difference 

significant. For visualization, values were converted to relative percentages, where the mean 

of the corresponding Control group was considered as 100%. Graphs were generated using 

GraphPad Prism 9 software (GraphPad Software Inc., San Diego, CA, USA). 

5.5 Study I and II: Effects of Cath-2 and IDR-1002 on 

a primary hepatic cell culture 

5.5.1 Cell isolation 

In both Study I and Study II, the preparation of hepatocyte ‒ non-parenchymal cell co-

cultures was carried out following the methodology explained in the Preliminary study. After 

isolation of the cells from a 3-week-old Ross-308 broiler chicken, cell cultures were prepared 
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using 24-well and 96-well culture plates (Greiner Bio-One, Frickenhausen, Germany) pre-

coated with collagen type I. On the 24-well plates, the seeding quantity was 400 µL/well, while 

100 µL/well on the 96-well plates. 

5.5.2 Treatment of cell cultures: Study I 

After the 24-hour incubation time of seeded cell cultures, the media was removed and 

replaced by culture media containing the investigated agents. Cells were treated with Cath-2 

in 5 nmol/mL and 10 nmol/mL concentrations (Isca Biochemicals, Exeter, Devon, UK). 

Staphylococcus aureus-derived LTA (Sigma-Aldrich, Darmstadt, Germany) was used in 50 

µg/ml, and PMA (Sigma-Aldrich, Darmstadt, Germany) in 1000 ng/mL concentrations. The 

Control group received only Williams Medium E, without any supplementation. The treatment 

groups are presented in Table 2 (n=6/group). After another 24 hours of incubation, samples 

were taken from the cell culture media and stored at -80°C until further measurements. 96-well 

plates were used for the measurement of the metabolic activity of the cells.  

Table 2. Treatment groups in Study I 

Treatment group Cathelicidin-2 LTA PMA 

Control - - - 

Cath-low 5 nmol/mL - - 

Cath-medium 10 nmol/mL - - 

LTA - 50 μg/mL - 

LTA+Cath-low 5 nmol/mL 50 μg/mL - 

PMA - - 1000 ng/mL 

PMA+Cath-low 5 nmol/mL - 1000 ng/mL 

 

5.5.3 Treatment of cell cultures: Study II 

After 24 h culturing, cells were exposed to the following substances for 24 h. IDR-1002 

(Isca Biochemicals, Exeter, Devon, UK) was added in concentrations of 10, 30, and 90 µg/mL 

(IDR-low, IDR-medium, and IDR-high, respectively) alone and in combination with 50 µg/mL 

LTA from Staphylococcus aureus. The Control group received only Williams Medium E, without 

any supplementation. The treatment groups are presented in Table 2 (n=6/group). After 

sampling from the cell culture media of 24-well plates, cells were lysed by applying 50 µL/well 

Mammalian Protein Extraction Reagent (M-PER) lysis buffer and scraped from the surface. 

Culture media and cell lysate samples were stored at -80°C until further processing. 96-well 

plates were used for the measurement of the metabolic activity of the cells. Treatment groups 

are explained in Table 3. 
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Table 3. Treatment groups in Study II 

Treatment group IDR-1002 LTA 

Control - - 

IDR-low 10 µg/mL - 

IDR-medium 30 µg/mL - 

IDR-high 90 µg/mL - 

LTA - 50 µg/mL 

LTA + IDR-low 10 µg/mL 50 µg/mL 

LTA + IDR-medium 30 µg/mL 50 µg/mL 

LTA + IDR-high 90 µg/mL 50 µg/mL 

 

5.5.4 Measurements 

5.5.4.1 Metabolic activity 

This test was carried out following the same protocol described in the Preliminary study, 

for both Study I and Study II 

5.5.4.2 Extracellular lactate dehydrogenase (LDH) activity 

This test was carried out following the same protocol described in the Preliminary study, 

for both Study I and Study II 

5.5.4.3 Cytokine concentrations 

Chicken specific ELISA kits (MyBioSource, San Diego, CA, USA) were employed 

following the manufacturer’s instructions to measure the following cytokines and chemokines. 

Absorbance values were obtained with a Multiskan GO 3.2 reader at 450 nm. 

- Study I: CXCLi2 concentrations from the cell culture media of the 24-well plates. 

- Study II: CXCLi2 and IL-6 from the cell culture media of the 24-well plates. 

Luminex xMAP technology was used to determine the following protein 

concentrations, performing Milliplex Chicken Cytokine/Chemokine Panel (Cat.Nr.: GCYT1-

16K, Merck KGaA, Darmstadt, Germany) according to the instructions of the manufacturer. 

- Study I: IFN-γ, IL-10, and macrophage colony-stimulating factor (M-CSF) 

concentrations were measured. 

- Study II: IL-16, IFN-γ, IL-10, M-CSF and RANTES (Regulated And Normal T-cell 

Expressed and Secreted) were measured. 

Briefly, all samples were thawed and tested in a blind-fashion and in duplicate. 25 ml 

volume of each sample, standard, control, and assay buffer was added to a 96-well plate 

(provided with the kit). An additional 25 μl of the distinctly colored, capture antibody-coated 
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bead sets were added to each well. After overnight incubation, biotinylated detection antibody 

mixture and streptavidin phycoerythrin were added to the plate following appropriate washing 

steps. After the last washing step, 150 ml drive fluid was added to the wells, the beads were 

resuspended for an additional 5 minutes on a plate shaker and read on the Luminex MAGPIX® 

instrument. Luminex xPonent 4.2 software was used for data acquisition. Five-PL regression 

curves were generated to plot the standard curves for all analytes by the Milliplex Analyst 5.1 

(Merck Millipore, Darmstadt, Germany) software calculating with bead median fluorescence 

intensity (MFI) values. 

5.5.4.4 Redox parameters 

In both Study I and Study II, the fluorometric Amplex Red method (Thermo Fisher 

Scientific, Waltham, MA, USA) was used to detect extracellular H2O2 content in the culture 

medium. A Victor X2 2030 fluorometer (Perkin Elmer, Waltham, MA, USA) was used to detect 

fluorescence (λex = 560 nm, λem = 590 nm) after a 30-minute incubation of 50 µL freshly 

prepared Amplex Red (100 μM) and HRP (0.2 U/mL) containing working solution with 50 µL 

culture medium at room temperature (21°C). 

In study I, a specific colorimetric assay was used to detect MDA concentration as a 

marker of lipid peroxidation in cell culture medium. 300 μL of freshly prepared thiobarbituric 

acid stock solution was mixed with 100  μL cell culture medium according to the protocol. After 

1 hour of incubation at 95°C, the solutions were cooled on ice for 10 minutes. A Multiskan GO 

3.2 reader was used to measure absorbance at 532 nm. 

In Study II,  protein carbonyl (PC) levels were measured by a chicken specific ELISA 

kit (MyBioSource, San Diego, CA, USA) from the cell lysate samples of the 24-well plates. 

5.5.4.5 Nrf2 concentrations 

In Study II, nuclear factor erythroid 2-related factor 2 (Nrf2) was measured in the 

culture media of the 24-well plates using a chicken specific ELISA kit (MyBioSource, San 

Diego, CA, USA). 

5.5.4.6 Total protein concentration 

In Study II, total protein concentrations were measured from the cell lysate samples 

with the PierceTM Bicinchoninic Acid (BCA) Protein Assay (Thermo Fisher Scientific, Waltham, 

MA, USA) as indicated by the manufacturer, with BSA as standard. With this method, the 

reduction of Cu2+ to Cu1+ can be measured, as BCA makes a water soluble, purple-colored 

complex with Cu1+. 25 µL of sample was added to 200 µL of reagent mixture, and absorbance 

was measured after 30 min incubation at 37°C at 562 nm with a Multiskan GO 3.2 reader. The 

values were used to standardize the PC values which were measured from the same cell lysate 

samples. 
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5.5.5 Statistical analysis 

All statistical analyses were performed in R v. 4.0.3 (R Core Team, 2020). Pairwise 

comparisons were performed using Wilcoxon signed-rank test, as some of the treatment 

groups showed non-normal distribution based on Shapiro-Wilk tests. We have considered a 

difference statistically significant if the p-value was less than 0.05. 

In Study I., Cath-low, Cath-medium, LTA and PMA groups were compared with the 

Control, LTA+Cath-low with the LTA group and PMA+Cath-low with the PMA group. 

In Study II., IDR-low, IDR-medium, IDR-high and LTA groups were compared with the 

Control, and LTA+IDR-low, LTA+IDR-medium and LTA+IDR-high with the LTA group. 

For visualization, the metabolic activity and the LDH activity values were converted to 

relative percentages, where the mean of the Control group was considered as 100%. Graphs 

were generated using GraphPad Prism 9 software (GraphPad Software Inc., San Diego, CA, 

USA). 

Scatterplots between the measured parameters for each treatment groups in Study I 

were created using R v. 4.0.3 (R Core Team, 2020). These plots were supplemented with linear 

regression lines (along with a 95% confidence bands) and Spearman correlation coefficients 

with p-values to further visualize the association of the parameters. 

5.6 Study III and IV: Effects of Cath-2 and IDR-1002 

on an intestinal explant culture 

5.6.1 Preparation of the explants 

The isolation of the intestinal explants was performed using the methodology recently 

developed by our research team [162], for which a 3-week-old male Ross-308 broiler chicken 

was sacrificed. 

The chicken was decapitated, and after opening the coelomic cavity aseptically in a 

dorsal position, the small intestines were removed. In a 10 cm distance from the Meckel’s 

diverticulum, a 13 cm long ileal segment was excised followed by the removal of adipose tissue 

from its outer surface (see Figure 6). Furthermore, both the outer and the inner side (with a 

sterile feeding needle) of this section were washed multiple times by using phosphate-buffered 

saline (PBS) + 1% penicillin-streptomycin solution (Pen-Strep, Gibco [Waltham, MA USA]). 

Thereafter the intestine was cut longitudinally and washed with the same solution until the lack 

of visible contamination. Following this, the intestinal section was placed in ice-cold, sterile 

PBS + Pen-Strep solution and the excision of the explants was performed in a sterile 

environment. 
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Figure 6. Preparation of the intestinal explants 

The segment was placed on an ice-cold, sterile glass plate with the mucosal side 

upwards, and was fixed with glass slides. During the process, the surface of the segment was 

rinsed periodically with Pen-Strep + PBS solution to keep the tissue moist. The removal of the 

explants was performed using biopsy punches (MDE GmbH [Heidelberg, Germany]) with a 

diameter of 1.5 mm. The explants were transferred to a 96-well cell culture plate pre-coated 

with type I collagen and filled with cell culture medium. The medium used for the experiment 

was Dulbecco's Minimal Essential Medium-F12 supplemented with 2.5 % FBS, 1% glutamine, 

1% Pen-Strep, and one dose of HCMTM SingleQuotsTM Kit (Lonza-Biocenter [Szeged, 

Hungary]). The latter contains ascorbic acid, BSA, hydrocortisone, transferrin, human 

Epidermal Growth Factor (hEGF), insulin, gentamicin, and amphotericin-B. The gained 

explants were incubated at 37°C and 5% CO2 for 2 hours. Figure 7. shows a microscopic 

image of an explant after 14 hours of incubation, without any treatment, confirming that the 

intact micromorphology of the isolated explants was maintained during the entire experiment. 
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Figure 7. Microscopic image of a hematoxylin and eosin (H&E) stained section of an intestinal 

explant after 14 hours of incubation without treatment. Bar line=50 µm  

5.6.2 Treatment of the explants: Study III 

After the 2-hour incubation, cell culture medium was removed from the wells and fresh 

medium substituted with the treatment solutions was added. The treatment solutions included 

5, 10 and 25 nmol/mL chicken cathelicidin-2 (Cath-low, Cath-medium and Cath-high, 

respectively), 10 µg/mL Staphylococcus aureus derived LTA (LTA), and the combination of the 

formers (LTA+Cath-low, LTA+Cath-medium and LTA+Cath-high). Control group received only 

fresh cell culture medium. Explants were incubated with the solutions for 12 hours, thereafter 

samples were taken from the cell culture medium and stored at -80°C until further processing. 

Treatment groups are explained in Table 4. 

Table 4. Treatment groups in Study III. 

Treatment group Cath-2 LTA 

Control - - 

Cath-low 5 nmol/mL - 

Cath-medium 10 nmol/mL - 

Cath-high 25 nmol/mL - 

LTA - 10 µg/mL 

LTA + Cath-low 5 nmol/mL 10 µg/mL 

LTA + Cath-medium 10 nmol/mL 10 µg/mL 

LTA + Cath-high 25 nmol/mL 10 µg/mL 
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5.6.3 Treatment of the explants: Study IV. 

After the incubation, the medium was removed from the wells and replaced with 

treatment solutions using the medium as a solvent. The explants were treated with 10, 30, and 

90 µg/mL concentrations of IDR-1002 (IDR-low, IDR-medium and IDR-high, respectively), 10 

µg/mL LTA derived from Staphylococcus aureus (LTA), and the combinations of them 

(LTA+IDR-low, LTA+IDR-medium, LTA+IDR-high). Each group contained 6 explants, which 

were incubated for 12 hours with the treatment solutions in the same conditions as before. 

Treatment groups are explained in Table 5. 

Table 5. Treatment groups in Study IV. 

Treatment group IDR-1002 LTA 

Control - - 

IDR-low 10 µg/mL - 

IDR-medium 30 µg/mL - 

IDR-high 90 µg/mL - 

LTA - 10 µg/mL 

LTA + IDR-low 10 µg/mL 10 µg/mL 

LTA + IDR-medium 30 µg/mL 10 µg/mL 

LTA + IDR-high 90 µg/mL 10 µg/mL 

 

5.6.4 Measurements 

5.6.4.1 Metabolic activity 

This test was carried out following the same protocol described in the Preliminary study, 

for both Study III and Study IV.  

5.6.4.2 Extracellular LDH activity 

For both Study III and Study IV, a colorimetric LDH assay kit (Sigma-Aldrich, St. Louis, 

MO, USA) was used for the quantification of extracellular LDH activity as its elevation is 

indicative of cell membrane damage. Following the manufacturer’s instructions, components 

were mixed at room temperature, and a standard dilution series was prepared. A 2 µL sample 

was measured into a clean 96-well plate and adjusted to 50 µL with the provided buffer solution. 

The change in absorbance was measured at 450 nm using the Multiskan GO 3.2 reader every 

minute until the levels of the most concentrated standards were reached. Enzyme activity was 

computed via the calibration curve described in the protocol. 
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5.6.4.3 Cytokine concentrations 

In both Study III and Study IV, the concentration of CXCLi2 (chicken IL-8) was 

determined through a chicken-specific sandwich ELISA per the instructions provided by the 

manufacturer (MyBioSource, San Diego, CA, USA). 

Luminex xMAP method (previously described at Study I-II) was used to determine the 

concentrations of the following cytokines and chemokines:  

- Study III: IL-2, IL-6, IFN-γ and IL-10 

- Study IV: IL-2, IFN-γ, IL-10 and RANTES 

 The measurement was performed following the manufacturers’ instructions, as 

described previously. 

In both Study III and Study IV, for a more precise assessment of the inflammatory 

state of the explants, the IFN-γ to IL-10 ratio was calculated. 

5.6.5 Statistical analysis 

For the statistical analysis, R version 4.0.3 software was used. Wilcoxon's signed rank 

tests were employed for pairwise comparisons as the data showed non-normal distribution 

using Shapiro-Wilk tests. A significance threshold of p<0.05 was used.  

In Study III, Cath-low, Cath-medium, Cath-high and LTA groups were compared with 

the Control, and LTA+Cath-low, LTA+Cath-medium and LTA-Cath-high with the LTA group. 

In Study IV, IDR-low, IDR-medium, IDR-high and LTA groups were compared with the 

Control, and LTA+IDR-low, LTA+IDR-medium and LTA+IDR-high with the LTA group. 

Metabolic activity and LDH activity results were graphically represented as 

percentages, with the mean of the control group set at 100%. Graphs were generated using 

GraphPad Prism 9 software (GraphPad Software Inc., San Diego, CA, USA). 
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6 Results 

6.1 Preliminary study: induction of inflammation 

No alteration was found in metabolic activity after LPS or LTA exposure (Figure 8/A), 

however, there was a significant decrease after applying 100 and 1000 ng/mL PMA treatment 

(p=0.004, p=0.004, respectively) (Figure 8/B). 

Concerning the extracellular LDH activity significant increase was found after both (10 

and 50 µg/mL) LTA concentrations (p=0.026, p=0.004, respectively) (Figure 8/C). 
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Figure 8. Meanplots showing the changes in metabolic activity (A and B) and extracellular lactate 

dehydrogenase (LDH) activity (C and D) of the hepatic cell cultures. Results are expressed as mean ± 

SEM in relative values where 100% is the mean of the corresponding control group. Graphs A and C 

show the results from the first part of the study (LPS/LTA), B and D show the results from the second 

part of the study (PMA) with the corresponding control groups. LPS-10/50 = 10 and 50 µg/mL 

concentrations of lipopolysaccharide from Escherichia coli (O55:B5); LTA-10/50 = 10 and 50 µg/mL 

concentrations of lipoteichoic acid from Staphylococcus aureus; PMA-100/1000 = 100 and 1000 

ng/mL concentrations of phorbol myristate acetate. Control groups received none of the treatments. 

nLPS/LTA = 6, nPMA = 10 for metabolic activity and 5 for LDH activity. * p<0.05; ** p<0.01 

The IL-6 concentration was significantly elevated in the culture media after 1000 ng/mL 

PMA (p=0.029) treatment (Figure 9/B). The concentrations of CXCLi2 were significantly 

increased by 50 µg/mL LTA (p=0.013, Figure 9/C) and 1000 ng/mL PMA (p=0.029) treatment 

(p=0.036, Figure 9/D). 
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Figure 9. Meanplots showing the changes in interleukin (IL)-6 (A and B) and CXCLi2 (C and D) 

concentrations of the hepatic cell cultures. Results are expressed as mean ± SEM in relative values 

where 100% is the mean of the corresponding control group. Graphs A and C show the results from 

the first part of the study (LPS/LTA), B and D show the results from the second part of the study 

(PMA) with the corresponding control groups. LPS-10/50 = 10 and 50 µg/mL concentrations of 

lipopolysaccharide from Escherichia coli (O55:B5); LTA-10/50 = 10 and 50 µg/mL concentrations of 

lipoteichoic acid from Staphylococcus aureus; PMA-100/1000 = 100 and 1000 ng/mL concentrations 

of phorbol myristate acetate. Control groups received none of the treatments. nLPS/LTA = 6, nPMA = 5.  

* p<0.05 
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6.2 Study I.: Effects of Cath-2 on a primary hepatic 

cell culture 

Metabolic activity was significantly decreased in the samples treated with both 

concentrations of Cath-2 (Cath-low and Cath-medium) compared to the Control, by 23,72% 

and 58,97%, respectively, as seen in Hiba! A hivatkozási forrás nem található.10/A (p=0.004, p

<0.001, respectively). LTA or PMA exposure did not affect significantly the metabolic activity of 

the cells when compared to the Control.A 

The extracellular LDH activities were increased in the medium of the cells treated with 

both 5 nmol/mL and 10 nmol/mL Cath-2 (Cath-low and Cath-medium) compared to Control 

(p<0.001 for both cases, Figure 10/B). LDH activity in the cultures that were exposed to LTA 

showed no significant change compared to the Control, while PMA decreased the LDH activity 

(p=0.045). With regards to the LTA-exposed cells that were treated with Cath-2, the treatment 

with the lower dose of the peptide (LTA+Cath-low) showed a significant increase in LDH levels 

when compared to the LTA-only condition (p=0.045). PMA+Cath-low increased the LDH 

activity compared to the group that was treated only with PMA (p<0.001; Figure 10/B). 

 

Figure 10. Meanplots showing the changes in metabolic activity (A) and extracellular lactate 

dehydrogenase (LDH) activity (B) of the hepatic cell cultures. Results are expressed as mean ± SEM 

in relative values where 100% is the mean of the control group. Cath-low /10 = 5 and 10 nmol/mL 

concentrations of chicken cathelicidin-2; LTA = 50 µg/mL concentration of lipoteichoic acid from 

Staphylococcus aureus; PMA = 1000 ng/mL concentration of phorbol myristate acetate. Control 

groups received none of the treatments. n = 6. * p<0.05; ** p<0.01; *** p<0.001 

There was no significant elevation in IFN-γ levels when treated with the lower 

concentration of Cath-2 (Cath-low), however, as seen in Figure 11/A, cells treated with the 
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higher dose of the peptide (Cath-medium) showed higher levels of IFN-γ than the Control 

(p<0.001). Compared to the Control, the cultures exposed to LTA showed higher levels of IFN-

γ (p<0.001). The LTA-exposed cells treated with Cath-2 (LTA+Cath-low) showed a decrease in 

IFN-γ levels in comparison with the LTA-only condition (p=0.001). PMA did not affect the IFN-

γ production of the cells (Figure 11/A). 

As seen in Figure 11/B, both Cath-2 concentrations (Cath-low and Cath-medium) 

significantly decreased the levels of M-CSF (p=0.031, p<0.001, respectively) compared to the 

Control. LTA also showed a depressing effect on the concentrations of this molecule (p=0.004) 

compared to the Control, and Cath-2 (LTA+Cath-low) further decreased the levels of M-CSF 

compared to the group that only received LTA (p=0.003). There was a significant increase in 

the PMA-treated cultures (p=0.003) compared to the Control, and in comparison with this 

group, Cath-2 (PMA+Cath-low) decreased the concentration of M-CSF (p=0.001, p<0.001, 

respectively; Figure 11/B). 

Cultures treated with the lower (Cath-low) and the higher dose (Cath-medium) of Cath-

2 had significantly increased levels of CXCLi2 compared to the Control (p=0.028, p<0.001, 

respectively, Figure 11/C). LTA or PMA did not significantly alter the CXCLi2 levels. In the 

LTA+Cath-low group, the CXCLi2 concentrations did not differ from the LTA group significantly, 

however, in the PMA+Cath-low group, the CXCLi2 levels were significantly elevated compared 

to the group that only received PMA (p=0.002, Figure 11/C). 

IL-10 cytokine levels followed patterns mostly similar to CXCLi2 (Figure 11/D). 

Compared to the Control, cells treated with only the higher concentration of Cath-2 (Cath-

medium) showed an increase in IL-10 levels (p<0.001). There were no significant differences 

in IL-10 levels between the Control and the cell cultures exposed to only LTA or PMA. However, 

a significant decrease in IL-10 levels was observed in the LTA-exposed cells that were treated 

with Cath-2 (LTA+Cath-low) compared to the LTA group (p=0.033, Figure 11/D). 
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Figure 11. Meanplots showing the changes in concentrations of interferon (IFN)-γ (A), macrophage 

colony-stimulating factor (M-CSF, B), CXCLi2 (C), and interleukin (IL)-10 (D) of the hepatic cell 

cultures. Results are expressed as mean ± SEM in pg/mL. Cath-low /10 = 5 and 10 nmol/mL 

concentrations of chicken cathelicidin-2; LTA = 50 µg/mL concentration of lipoteichoic acid from 

Staphylococcus aureus; PMA = 1000 ng/mL concentration of phorbol myristate acetate. Control 

groups received none of the treatments. n = 6. * p<0.05; ** p<0.01; *** p<0.001 

The H2O2 concentrations were elevated after both Cath-2 concentrations (Cath-low and 

Cath-medium) (p=0.001, p<0.001, respectively). LTA also significantly increased the H2O2 

concentrations (p<0.001), and the lower concentration of Cath-2 (LTA+Cath-low) decreased it 

compared to the LTA group (p=0.002). The H2O2 concentration was increased after the PMA 

treatment (p=0.009, Figure 12/A). 

The higher dose of Cath-2 (Cath-medium) decreased the concentration of MDA 

(p=0.006). Neither LTA nor PMA changed the MDA levels significantly (Figure 12/B). 
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Figure 12. Meanplots showing the changes in extracellular H2O2 levels (A) and malondialdehyde 

(MDA) concentrations (B) of the hepatic cell cultures. Results are expressed as mean ± SEM, in the 

case of H2O2 levels in relative values where 100% is the mean of the control group and in nmol/mL in 

the case of MDA. Cath-low /10 = 5 and 10 nmol/mL concentrations of chicken cathelicidin-2; LTA = 

50 µg/mL concentration of lipoteichoic acid from Staphylococcus aureus; PMA = 1000 ng/mL 

concentration of phorbol myristate acetate. Control groups received none of the treatments. n = 6.  

** p<0.01; *** p<0.001 

6.3 Study II: Effects of IDR-1002 on a primary hepatic 

cell culture 

No significant changes in metabolic activity were observed either after IDR-1002, LTA, 

or combination treatments (Figure 13/A). IDR-1002 or LTA alone did not alter the extracellular 

LDH activity, however a significant increase was detected after treatment with LTA and 90 

µg/mL concentration of IDR-1002 together compared to the LTA group (p=0.015, Figure 13/B). 
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Figure 13. Meanplots showing the changes in metabolic activity (A) and extracellular lactate 

dehydrogenase (LDH) activity (B) of the hepatic cell cultures. Results are expressed as mean ± SEM 

in relative values where 100% is the mean of the control group. IDR-low/medium/high = 10, 30 and 

90 µg/mL concentrations of innate defense regulator-1002; LTA = 50 µg/mL concentration of 

lipoteichoic acid from Staphylococcus aureus. Control groups received none of the treatments. n = 6.  

* p<.0.05  

After IDR-1002 treatment, IL-6 levels were decreased (IDR-low: p=0.030, IDR-medium: 

p=0.032, IDR-high: p=0.004, Figure 14/A), as well as IL-10 concentrations (IDR-low: p=0.009, 

IDR-high: p=0.002, Figure 14/B). 

LTA increased the concentrations of CXCLi2 (p=0.027, Figure 14/C), IL-6 (p=0.016, 

Figure 14/A), and IFN-γ (p=0.009, Figure 14/E). These elevations were then decreased by 

IDR-1002, in the case of CXCLi2 by 30 and 90 µg/mL (p=0.019, p = 0.016, respectively, Figure 

14/C), IL-6 by 10, 30 and 90 µg/mL (p=0.004, p=0.016, p=0.004, respectively, Figure 14/A), 

and IFN-γ by 30 and 90 µg/mL of IDR-1002 (p=0.015, p=0.002, respectively, Figure 14/E). 

IL-10 and IL-16 concentrations were decreased compared to LTA after treatment with 

30 and 90 µg/mL IDR-1002 (IL-10: p=0.002 in both cases, Figure 14/B, IL-16: p=0.002, 

p=0.005, respectively, Figure  14/D). 

M-CSF levels were elevated after treatment with 10, 30, 90 µg/mL of the peptide 

(p=0.015, p=0.004, p=0.009, respectively, Figure 14/G), and RANTES levels after treatment 

with 90 µg/mL (p=0.002, Figure 14/F). LTA also increased RANTES concentrations (p=0.002), 

and IDR-1002 further elevated it compared to LTA (30 and 90 µg/mL: p=0.002 in both cases, 

Figure 14/F and G). M-CSF levels were also increased in the combination groups compared 

to LTA (LTA+IDR-medium: p=0.009, LTA+IDR-high: p=0.004, Figure 14/G). 
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Figure 14. Meanplots showing the changes in concentrations of interleukin (IL)-6 (A), IL-10 (B), 

CXCLi2 (C), IL-16 (D), interferon (IFN)-γ (E), RANTES (F) and macrophage colony stimulating 

factor (M-CSF (G), of the hepatic cell cultures. Results are expressed as mean ± SEM in pg/mL. IDR-

low/medium/high = 10, 30 and 90 µg/mL concentrations of innate defense regulator-1002; LTA = 50 

µg/mL concentration of lipoteichoic acid from Staphylococcus aureus. Control groups received none 

of the treatments. n = 6. * p<.0.05, **p<0.01 

In addition, a strong positive correlation was found between RANTES and IFN-γ in the 

groups LTA+IDR-medium and -high, between RANTES and IL-16 in groups IDR-high and 

LTA+IDR-high, and interestingly, between RANTES and IL-10 in groups LTA+IDR-medium and 

-high. There was a negative correlation between M-CSF and CXCLi2 in the LTA+IDR-medium 

group, and a mentionable, but not significant positive correlation between M-CSF and IL-10 in 

the group LTA+IDR-medium. Details and plots are included as Supplementary Figures 1-10 

in chapter 12 (“Supplementary material”). 

Regarding the redox homeostasis, 30 µg/mL IDR-1002 decreased the H2O2 

concentration (p=0.03, Figure 15/B), and all three concentrations of the peptide elevated the 

Nrf2 concentrations (p=0.014, p=0.032, p=0.016, respectively, Figure 15/A). Protein carbonyl 

levels were also increased after treatment with all concentrations (p=0.004 in all cases, Figure 

15/C). LTA similarly elevated Nrf2 (p=0.016), and in combination, 10 µg/mL IDR-1002 

decreased it (p=0.032). H2O2 levels were also decreased by the LTA+IDR-high treatment 

compared to LTA (p=0.026, Figure 15/A). Positive correlation was found between Nrf2 and PC 

in the IDR-low group as well, and a positive, but not significant one between Nrf2 and H2O2 in 

LTA+IDR-high (Supplementary Figures 11-12 in chapter 12 [“Supplementary material”]). 
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Figure 15. Meanplots showing the changes in nuclear factor erythroid 2-related factor (Nrf2, A) 

concentrations, H2O2 levels (B), and protein carbonyl concentrations (C) of the hepatic cell cultures. 

Results are expressed as mean ± SEM as relative values where 100% is the mean of the control group 

in the case of H2O2 levels, and in pg/mL in the case of Nrf2 and protein carbonyl. IDR-

low/medium/high = 10, 30 and 90 µg/mL concentrations of innate defense regulator-1002; LTA = 50 

µg/mL concentration of lipoteichoic acid from Staphylococcus aureus. Control groups received none 

of the treatments. n = 6. * p<.0.05, **p<0.01 
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6.4 Study III: Effects of Cath-2 on an intestinal 

explant culture 

The metabolic activity of the explants was elevated after treatment with 25 nmol/mL 

Cath-2 (Cath-high; p=0.010, Figure 16/A). No other treatment influenced the metabolic activity 

or the LDH activity of the explants in a significant manner (Figure 16/A and B). 

 

Figure 16. Meanplots showing the changes in metabolic activity (A) and extracellular lactate 

dehydrogenase (LDH) activity (B) of the intestinal explants. Results are expressed as mean ± SEM in 

relative values where 100% is the mean of the control group. Cath-low/medium/high = 5, 10 and 25 

nmol/mL concentrations of chicken cathelicidin-2; LTA = 10 µg/mL concentration of lipoteichoic acid 

from Staphylococcus aureus. Control groups received none of the treatments. n = 6. * p<.0.05 

IL-6 concentration increased following 10 nmol/mL concentration Cath-2 (Cath-

medium), and LTA treatment (p=0.016 in both cases, Figure 17/A) compared to Control. The 

concomitant addition of 25 nmol/mL concentration of Cath-2 to LTA-exposed cells (LTA+Cath-

high) decreased cellular IL-6 production compared to the LTA group (p=0.029, Figure 17/A). 

CXCLi2 levels were increased after treatment with 5, 10, 25 nmol/mL of Cath-2 (Cath-

low, Cath-medium, and Cath-high), and LTA (p=0.019, p=0.027, p=0.014, p=0.016, 

respectively, Figure 17/B) compared to the non-treated controls. Furthermore, the 

combinatory administration of LTA and 25 nmol/mL Cath-2 (LTA+Cath-high) further increased 

the concentration of CXCLi2 compared to the already elevated production in the LTA group 

(p=0.016, Figure 17/B). 

25 nmol/mL Cath-2 (Cath-high), and LTA treatment increased the production of IL-2 in 

with comparison with the Control group (p=0.022, p=0.009, respectively, Figure 17/C). 

Combining LTA with 10 and 25 nmol/mL concentrations of Cath-2 (LTA+Cath-medium and 
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LTA+Cath-high) decreased IL-2 levels compared to the LTA group (p=0.013 in both cases, 

Figure 17/C). 

The concentration of IFN-γ was increased and IL-10 was decreased after LTA treatment 

(p=0.005, p=0.031, respectively, Figure 17/D and E), which then lead to an increase in the 

ratio of IFN-γ/IL-10 (p=0.036, Figure 17/F). The combinatory exposure to LTA and 25 nmol/mL 

Cath-2 (LTA+Cath-high) elevated IL-10 levels compared to LTA (p=0.024, Figure 17/E), but 

had no influence on IFN-γ concentrations. However, the ratio of IFN-γ/IL-10 was decreased by 

the concomitant application of 5, 10 and 25 nmol/mL of Cath-2 (LTA+Cath-low, LTA+Cath-

medium, and LTA+Cath-high) compared to the group receiving only LTA (p=0.048, p=0.024, 

p=0.028, respectively, Figure 17/F). 
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Figure 17. Meanplots showing the changes in concentrations of interleukin (IL)-6 (A), CXCLi2 (B), 

IL-2 (C), interferon (IFN)-γ (D), IL-10 (E) and the IFN-γ/IL-10 ratio (F) of the intestinal explants. 

Results are expressed as mean ± SEM in pg/mL, and in the case of IFN-γ/IL-10 ratio, as the ratio of 

the two concentrations. Cath-low/medium/high = 10, 30 and 90 µg/mL concentrations of chicken 

cathelicidin-2; LTA = 10 µg/mL concentration of lipoteichoic acid from Staphylococcus aureus. 

Control groups received none of the treatments. n = 6. * p<.0.05, **p<0.01 
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6.5 Study IV: Effects of IDR-1002 on an intestinal 

explant culture 

No significant changes were observed regarding the metabolic activity of the explants 

(Figure 18/A). LDH activity was decreased in the group treated with 30 µg/mL IDR-1002 

compared to the control (IDR-medium; p=0.029; Figure 18/B). 

 

Figure 18. Meanplots showing the changes in metabolic activity (A) and extracellular lactate 

dehydrogenase (LDH) activity (B) of the intestinal explants. Results are expressed as mean ± SEM in 

relative values where 100% is the mean of the control group. IDR-low/medium/high = 10, 30 and 90 

µg/mL concentrations of innate defense regulator-1002; LTA = 10 µg/mL concentration of lipoteichoic 

acid from Staphylococcus aureus. Control groups received none of the treatments. n = 6. * p<.0.05 

It was found that treatment with 10, 30, and 90 µg/mL of IDR-1002 (IDR-low, IDR-

medium, IDR-high; p=0.035; 0.023; 0.036, respectively) and LTA (p=0.019) resulted in 

significantly elevated IL-2 levels compared to the control group. IDR-1002 applied with LTA at 

a concentration of 10 µg/mL (LTA+IDR-low) significantly decreased (p=0.028) the IL-2 

concentration of culture media compared to the group exposed to LTA alone (Figure 19/A). 

The obtained results show that the sole treatment with 30 µg/mL IDR-1002 (IDR-

medium) and with LTA resulted in elevated (p=0.017; 0.006, respectively) CXCLi2 levels 

compared to the control group. Further, all concentrations of IDR-1002 (10, 30, 90 µg/mL IDR-

1002) in combination with LTA (LTA+IDR-low, LTA+IDR-medium, LTA+IDR-high) caused 

significantly lower (p=0.004; 0.002; 0.005, respectively) CXCLi2 concentrations compared to 

the group with LTA alone (Figure 19/B). 
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Based on the obtained results LTA alone, and LTA supplemented with 90 µg/mL IDR-

1002 (LTA+IDR-high) significantly increased (p=0.01; 0.041, respectively) the measured 

RANTES concentrations compared to the control group. In addition, 10 and 30 µg/mL 

concentrations of IDR-1002 when administered together with LTA (LTA+IDR-low, LTA+IDR-

medium) significantly decreased (p=0.016; 0.029, respectively) the levels of RANTES 

compared to explants treated with LTA (Figure 19/C). 

The treatment with LTA significantly increased (p=0.017) the concentration of IFN-γ 

produced by the explants compared to the control group, as well as all combination groups 

showed elevated IFN-γ concentrations (LTA+IDR-low, LTA+IDR-medium, LTA+IDR-high; 

p=0.004; 0.005; 0.005, respectively). Furthermore, a significant elevation (p=0.009) was 

observed when the LTA-exposed group was supplemented with IDR-1002 treatment at a 

concentration of 90 µg/mL (LTA+IDR-high) compared to the solely LTA-treated group (p=0.019; 

Figure 19/D). 

IL-10 concentrations were decreased after treatment with LTA and 10 µg/mL IDR-1002 

(LTA+IDR-low; p=0.011) and increased after treatment with LTA and 90 µg/mL of IDR-1002 

(LTA+IDR-high; p=0.005) compared to control. Furthermore, supplementation of LTA with 90 

µg/mL of IDR-1002 (LTA+IDR-high) elevated IL-10 concentrations compared to the LTA group 

(p=0.007; Figure 19/E). 

The ratio of IFN-γ/IL-10 was elevated in the LTA-treated group (p=0.005) and also in 

the LTA group supplemented with 10 µg/mL IDR-1002 (LTA+IDR-low; p=0.011, p=0.007, 

respectively). The group with LTA and 90 µg/mL IDR-1002 (LTA+IDR-high) decreased the ratio 

compared to the LTA group (p=0.008; Figure 19/F). 
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Figure 19. Meanplots showing the changes in concentrations of interleukin (IL)-2 (A), CXCLi2 (B), 

RANTES (C), interferon (IFN)-γ (D), IL-10 (E) and the IFN-γ/IL-10 ratio (F) of the intestinal 

explants. Results are expressed as mean ± SEM in pg/mL, and in the case of IFN-γ/IL-10 ratio, as the 

ratio of the two concentrations. IDR-low/medium/high = 10, 30 and 90 µg/mL concentrations of innate 

defense regulator-1002; LTA = 10 µg/mL concentration of lipoteichoic acid from Staphylococcus 

aureus. Control groups received none of the treatments. n = 6. * p<.0.05, **p<0.01 
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7 Discussion 

The importance of antimicrobial resistance and the effect it has on the livestock industry 

has become unequivocal in recent years. The treatment of intestinal bacterial infections and 

the consequent inflammatory processes in chickens is facing more and more difficulties, 

leading to detrimental economic outcomes such as decreased growth rates, increased 

mortality, or reduced egg production [163]. However, AMPs may provide a solution to this 

problem e.g. by interacting with several cell types either in the intestinal wall, or in the liver, 

and therefore modulating the inflammation and eliminating pathogenic bacteria of GI origin. 

For testing the immunomodulatory effects of these molecules, efficient and reliable models are 

needed to be developed. The chicken hepatic cell cultures and the intestinal explant technique 

used in this study have proven to be effective in tracking the immune response after treatment 

with the Cath-2 and IDR-1002 peptides, the pro-inflammatory LTA and PMA, or those 

combined. Summary of these results can be viewed in Table 6. We believe that our results 

provide novel and suitable information concerning the immunomodulatory role of AMPs in the 

field of enteric and hepatic inflammation.
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Table 6.: Summary of the results 

 

AMP Model Cell viability 
Pro-inflammatoric 

effects 
Anti-inflammatoric effects 

Redox 

parameters 

Cath-2 

Chicken hepatocyte – 

non-parenchymal cell 

co-culture 

↓ (concentration 

dependence) 

IFN-γ, CXCLI2 ↑ 

(M-CSF ↓) 

IL-10 ↑ 

IFN-γ  ↓ 

M-CSF ↓ 

H2O2 ↑ 

H2O2 ↓ MDA ↓ 

IDR-1002 

Chicken hepatocyte – 

non-parenchymal cell 

co-culture 

no change 

(excluding: 

together with 

LTA) 

IL-10 ↓ 

RANTES ↑ 

IL-6 ↓ 

 CXCLi2, IFN-γ ↓ 

M-CSF ↑ 

Nrf2 ↑, with LTA ↓ 

H2O2 ↓ 

PC  ↑ 

Cath-2 

Chicken hepatocyte – 

non-parenchymal cell 

co-culture 

no change 
IL-6, CXCLi2,  

IL-2  ↑ 

IL-6, IL-2 ↓ 

IL-10 ↑ 

IFN-γ/IL-10  ↓ 

- 

IDR-1002 
Chicken intestinal 

explant 
no change IL-2, CXCLi2 ↑ 

IL-2, CXCLi2,  

RANTES ↓ 

IFN-γ/IL-10  ↓ 

- 
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7.1 Preliminary study: induction of inflammation 

To investigate the effect certain compounds have on the immune response, it is 

inevitable to have an efficient inflammatory model suitable for the investigated cell cultures. 

The goal of this Preliminary study was to find molecules that would be fit to induce inflammatory 

response in our chicken hepatic cell cultures. 

There is only limited data available related to this issue in cell cultures of chicken origin; 

however, it would be an essential basis for future studies concerning the in vitro testing of 

immunomodulatory agents. The applied primary hepatocyte – non-parenchymal cell co-

cultures of chicken origin have already been used in previous studies to investigate the cellular 

effects of acute heat stress and T-2 toxin [161, 164]. Furthermore, even inflammatory models 

were designed using similar cultures of porcine origin [165]. The inclusion of the non-

parenchymal cell fraction in co-cultures at cell ratio 6:1 (hepatocytes to non-parenchymal cells) 

refers to a mild hepatic inflammatory state with moderate intrahepatic macrophage migration 

[161], enabling the investigation of the link between the inflammatory and stress response. 

In the first part of the present study, we intended to examine the effects of bacterial 

endotoxins (LPS of Gram-negative and LTA of Gram-positive origin) as traditional 

proinflammatory agents. As the applied endotoxin treatments except LTA applied in 50 µg/mL 

could not induce proinflammatory cytokine production in the cell cultures used, further potential 

PAMPs (ETxB from Escherichia coli, flagellin from Salmonella Typhimurium, PMA and poly I:C) 

were screened next. From these compounds, as mentioned before, in this work only the results 

of PMA treatment are discussed, as only LTA and PMA were used in the latter studies. 

It was aimed to monitor how the applied proinflammatory agents affected the metabolic 

activity and membrane damage of the cultured cells. It was found that LTA elevated the 

extracellular LDH levels, indicating the occurrence of membrane damage. Furthermore, PMA 

treatment decreased the metabolic activity of the cell cultures, demonstrating a metabolically 

depressed state because of the harmful effect of this compound. 

The pro-inflammatory effects of our candidate molecules were screened by measuring 

the concentrations of IL-6 and CXCLi2 in culture media. Notwithstanding that some other pro- 

and anti-inflammatory mediators should be investigated in further studies, monitoring the 

hepatocellular IL-6 and CXCLi2 response provided sufficient initial data concerning the pro-

inflammatory action of the tested candidates. According to our results, while PMA elevated 

both IL-6 and CXCLi2 levels, the pro-inflammatory effect of LTA was only proved by the 

increase in CXCLi2 concentrations, and LPS did not change the production of either cytokine. 

Kim et. al described a TLR signal-independent route in which PKC signal transduction 

can enhance IL-6 production. This mechanism is related to a cytoskeletal regulatory protein 
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and actin bundling which is essential for the translation of IL-6 mRNA. In accordance with our 

results, PMA as a direct activator of PKC would serve as a potent agent to activate independent 

and separate steps of TLR-mediated cytokine production in the absence of a PAMP [158, 159, 

166]. 

It can be stated that LPS did not have a proinflammatory effect in the hepatic cell 

cultures. The inadequate IL response caused by Escherichia coli LPS is a possible result of 

the deficient signal transduction of chicken TLR4. TLRs specified for extracellular pathogen 

recognition exclusively activate myeloid differentiation primary response protein 88 (MyD88) 

dependent pathway which is needed for the prompt activation of Nf-κB. In human TLR-3 and -

4 adaptors, double-stranded RNA and LPS can set off interferon production and a so-called 

delayed or late-phase activation of NF-kappa B via a sovereign MyD88 independent route. The 

inadequate IL response caused by Escherichia coli LPS is possibly related to the deficient 

signal transduction of chicken TLR4 and the lack of this additional route. This hypothesis was 

confirmed by Keestra and van Putten by the cited lack of interferon production in response to 

different Salmonella Enteritidis and Gallinarum as well as Pasteurella multocida and secondly 

by the absence of certain TLR4 signal mammalian gene orthologs in chicken [78, 154, 167–

169]. This concept is still controversial as two different research groups managed to trigger 

IFN response with Escherichia coli and Salmonella Typhimurium in cell cultures of chicken 

origin [170, 171]; however, only on the level of gene expression. It can be hereby stated that 

IL-6 and IL-8 protein level elevation could not be induced in cell culture media with LPS from 

the chicken pathogenic O55:B5 serotype of Escherichia coli in accordance with the relatively 

high tolerance to LPS in avian species [168]. 

Nonetheless, there is just a handful of published data on the effect of LPS on the 

secreted IL-6 and CXCLi2/IL-8 concentrations in chicken. These interleukin levels showed only 

a slight or no increase as opposed to the remarkable elevation of the respective gene 

expressions detected by the RT-PCR method [172–175]. As both interleukins were measured 

directly from cell culture media, the differences between the present results and those of 

studies assessing mRNA levels might arise from post-transcriptional, translational and post-

translational regulatory mechanisms. These processes, for example, interleukin mRNA 

accumulation or degradation by ribonuclease enzymes and PKC-dependent translational 

regulation of IL-6 level are included in the determination of the final inflammatory cytokine 

response of the cell [166, 176, 177]. 

Based on the results of this study, it can be concluded that LTA and PMA are suitable 

candidates to induce an inflammatory response in the chicken liver cell cultures developed by 

our research group, and they can be used in future studies involving immunomodulatory 

agents. 
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7.2 Study I: Effects of Cath-2 on a primary hepatic 

cell culture 

In Study I., the effects of the AMP Cath-2 were investigated on the hepatocyte – non-

parenchymal cell co-culture of chicken origin, for which the inflammatory model was 

established in the Preliminary study. The first question was whether Cath-2 affects the viability 

and membrane integrity of chicken hepatic cells, and the second was how their inflammatory 

state is getting altered. 

The main obstacle to the therapeutic use of natural AMPs is their adverse effect on the 

target organism, such as cytotoxicity, the stimulation of mast cell degranulation, and apoptosis 

[84, 178–180]. The antimicrobial activity of these peptides can be explained by their interaction 

with the membranes. It is generally accepted that naturally occurring, positively charged AMPs 

interact with negatively charged components of the cell membrane and then get inserted into 

the membrane in a parallel direction, thereby disrupting the continuity of the phospholipid 

bilayer. This allows the peptide to internalize and exert its intracellular effects [181]. However, 

high reactivity with the membrane, and thus potent antimicrobial activity may also be 

associated with toxic effects on the cells of the target organism. For example, LL-37 shows 

relatively high cytotoxicity not just towards bacterial, but eukaryotic cells as well [182–184]. 

In our study, the metabolic activity and the membrane integrity of the cells were 

assessed to determine whether Cath-2 has any unfavorable effects on the host cells. It was 

found that the AMP decreased the metabolic activity, and at the same time, increased the LDH 

activity in cell culture media. These changes were seemingly more considerable with the higher 

dose of the peptide, suggesting a dose-dependent effect of the AMP. According to our results, 

the metabolic activity was decreased by approximately 60% with the higher dose of 

cathelicidin-2, which could indicate remarkable cell damage, but with the lower dose, the 

decrease was only about 20%, which is considered as just a mild metabolic depression [185, 

186]. 

Neither LTA nor PMA affected the metabolic activity or the LDH levels significantly. 

Exposure to LTA concomitantly with the higher dose of Cath-2 treatment resulted in a 

significantly decreased metabolic activity. Interestingly, in case of LTA-induced inflammation, 

the lower dose of Cath-2 did not influence the metabolic activity when compared to the LTA-

only condition. This indicates that in the presence of LTA, Cath-2 only has a decreasing effect 

on the metabolic activity of hepatocyte - non-parenchymal cell co-cultures when applied at 

higher doses. In line with these results, in the absence of LTA exposure, both Cath-2 treatment 

conditions showed a dose-dependent increase in LDH levels compared to the control, but with 

LTA supplementation, this elevation was not considerable. It has been found that Cath-2 binds 
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and neutralizes negatively-charged endotoxins like LPS and LTA, which plays a major role in 

its mechanism of action [187]. A model that might explain the data from the metabolic and LDH 

assays is that the peptide preferentially binds LTA; hence, no off-target cytotoxic effects could 

be observed in liver cell co-cultures when applying appropriate concentrations. Excessive 

concentrations of the AMP, however, may result in unbound Cath-2 and the development of 

off-target effects, as seen in the treatment conditions without LTA-induced inflammation and 

the LTA-exposed cells treated with a higher dose of the peptide. 

In the present study, the concentration of four cytokines and chemokines was aimed to 

be assessed: CXCLi2 (the most similar chemokine in chickens to the human IL-8 [188]), IL-10, 

IFN-γ and M-CSF. These mediators are produced by a variety of cell types and have different 

and diversified mechanisms in influencing the inflammatory response. While CXCLi2 and IFN-

γ can be considered as pro-inflammatory cytokines, the effect of M-CSF on the macrophages 

is much more complex. These molecules together with the anti-inflammatory IL-10 can provide 

us with an overview of the effects that Cath-2 may have on the immune system [189–192]. 

The main role of IFN-γ is to activate immune cells, including macrophages, in order to 

stimulate the immune system to fight infections [193]. Upon activation by this cytokine, 

macrophages have been found to increase their phagocytic activity and their ROS and RNS 

production. It was found in our study that co-cultures treated with the higher dose of Cath-2 

produced increased levels of IFN-γ compared to the control. Similar results were found for a 

Salmo salar cathelicidin-derived peptide, applied to head kidney leukocytes in the absence of 

endotoxin-stimulated inflammation, resulting in increased expression of IFN-γ [194]. With 

regards to the cells exposed to only LTA, IFN-γ was produced at higher levels than the control, 

indicating a pro-inflammatory effect of LTA. Cells treated with both LTA and 5 nmol/mL of 

cathelicidin-2 showed a decrease in IFN-γ levels when compared to those treated only with 

LTA. Based on these data, it could be stated that the lower dose of Cath-2 could contribute to 

the restoration of the inflammatory homeostasis by successfully alleviating the LTA-triggered 

IFN-γ release, while the higher peptide concentration elicited pro-inflammatory activity. 

CXCLi2 is a pro-inflammatory chemokine implicated with neutrophil (or in case of 

chickens, heterophil) infiltration into inflamed tissues [188, 195]. Neutrophil/heterophil 

infiltration is important for clearance of infection, but it should also be noted that these cells 

mount an aggressive response during inflammation that leads to tissue damage [196]. For this 

reason, IL-8 release is tightly controlled by anti-inflammatory molecules such as IL-10 [197].  

According to our present results, a dose-dependent increase in CXCLi2 levels was 

found in the cell cultures treated with Cath-2, providing more support for the theory that the 

role of this peptide in the liver is immunomodulatory rather than solely anti-inflammatory. This 

finding is in line with other studies that found that human cathelicidins increased the expression 

and production of IL-8 [198, 199], and chicken cathelicidin-2 induced the transcription of 
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CXCLi2 [186]. However, in this study, LTA or PMA did not cause significant changes in CXCLi2 

levels compared to the control. The extracellular CXCLi2 concentration of cells exposed to LTA 

together with Cath-2 was not different compared to those only treated with LTA, so the pro-

inflammatory effect of the AMP was not observed when it was applied together with LTA. In 

contrast, combined Cath-2 and PMA exposure caused similar elevation in CXCLi2 levels as 

the sole application of the AMP. 

IL-10 acts indirectly to suppress the expression of pro-inflammatory genes and thereby 

keeps inflammatory responses regulated [200]. Cells treated with the higher dose of Cath-2 

showed a significant increase in IL-10 levels compared to the control, providing further 

evidence for the immunomodulatory function of Cath-2 in the liver. Previous research has found 

that IL-10 initiates an important defense mechanism against inflammatory overshoot caused 

by IL-8, which explains the similarities between CXCLi2 and IL-10 levels [197]. Increases in 

CXCLi2 levels need to be offset with elevated IL-10 release to maintain inflammatory 

homeostasis in the liver cells. It should be noted that there were no significant differences 

between the cells exposed to LTA and the control. There was, however, a slight but significant 

decrease in IL-10 levels in the cells concomitantly exposed to LTA and the lower dose of Cath-

2. The data from the CXCLi2 and IL-10 assays coincide with the results from the cellular 

metabolism and LDH assays, altogether providing support for the theory that the binding of 

LTA to Cath-2 results in the loss of its ability to induce cytokine release in chicken hepatocyte 

- non-parenchymal cell co-cultures. 

The role of M-CSF (also known as CSF-1) in inflammation is especially complex. It 

stimulates the proliferation, differentiation, and activity of the mononuclear phagocyte cell 

lineage [201]. The biological functions of M-CSF are mediated by a tyrosine kinase receptor 

called CSF-1R that is expressed on all myeloid cells belonging to the mononuclear phagocytic 

lineage. Binding of M-CSF to its receptor results in dimerization and autophosphorylation of 

CSF-1R, triggering signaling cascades that contribute to cytoskeletal remodeling, increases in 

cell motility and the rate of protein synthesis, and many other outcomes [202, 203]. This 

cytokine affects a range of macrophage-related immunological functions [201], including the 

release of IL-10 and IFN-γ, activation of anti-bacterial and anti-fungal activity, and increasing 

ROS production. M-CSF also plays a role in polarizing resident macrophages into anti-

inflammatory type M2 macrophages [204]. Our results show that Cath-2, alongside with LTA, 

decreased the extracellular concentration of M-CSF, while PMA elevated it. The M-CSF levels 

were further reduced following the treatment with the lower dose of Cath-2 and LTA compared 

to the group receiving only LTA, and both concentrations of the peptide decreased the M-CSF 

levels of the PMA-exposed cells. These results suggest that Cath-2 may suppress macrophage 

activation, also highlighting the multiplex immunomodulatory role of this AMP. 
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Though LTA exposure evoked an increase in IFN-γ levels in the hepatocyte- non-

parenchymal cell co-cultures, no changes were observed in CXCLi2 and IL-10 concentrations. 

Similarly, PMA only increased the production of M-CSF from the investigated 

cytokine/chemokine profile. These results indicate that both LTA and PMA had a pro-

inflammatory action on the cells, but this was not reflected by all mediators assessed, probably 

due to the greatly varied effects of pro-inflammatory molecules in different species and tissue 

types [199, 205].  

Oxidative stress is associated with hepatic inflammatory processes because ROS and 

RNS are released from hepatocytes, Kupffer cells, and neutrophils in response to PAMPs [206, 

207]. Due to the immunomodulatory effects of AMPs, these peptides may play a role in 

influencing the redox balance as well. Some cathelicidins have been found to act against 

oxidative stress, but others, however, seem to increase ROS production of immune cells [208, 

209]. Several studies found that cathelicidins had a protective effect against lipid peroxidation 

and the subsequent cell membrane damage [210, 211]. According to our results, Cath-2 dose-

dependently increased the production of H2O2, but this effect was much less pronounced when 

applied together with LTA, possibly due to its suggested LTA-binding. Treatment with LTA also 

elevated the H2O2 production of the cultured hepatic cells, an effect which was counteracted 

by the lower dose of Cath-2, indicating that neither the Cath-2, nor the LTA could perform 

remarkable pro-oxidant action when applied together. However, these outcomes did not result 

in an increase in lipid peroxidation, as shown by the unchanged MDA concentrations, which 

indicates that the increased oxidative load did not lead to enhanced lipid peroxidation, so Cath-

2 did not contribute to oxidative damage of cell membranes. Moreover, the higher dose of the 

peptide decreased the MDA concentration, indicating a protective effect on the integrity of the 

membrane-forming phospholipids. 

Based on our results, it can be stated that Cath-2 plays a substantial role in modulating 

the hepatic immune response with a multifaceted mode of action. It was found to have dose-

dependent effects on metabolic activity, membrane integrity, and ROS production, indicating 

that using it in excessively high concentrations can lead to cell damage. However, the lower 

applied dose was not found to elicit any remarkable deteriorative action on cultured liver cells. 

Our findings give evidence that this molecule can possess anti-inflammatory properties, 

reflected by the alleviation of the LTA-triggered IFN-γ surge, and as a potent immunomodulator 

it can also stimulate pro-inflammatory CXCLi2 release balanced by enhanced anti-

inflammatory IL-10 production. Further, the complex interplay of endotoxins and AMPs was 

highlighted as cathelicidin-2 showed less pronounced effects in the presence of LTA due to its 

binding capability, also neutralizing the endotoxin-associated inflammatory response. In 

conclusion, cathelicidin-2 seems to be a promising candidate for future immunomodulating 

drug development with an attempt to reduce the application of antibiotics. 
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7.3 Study II: Effects of IDR-1002 on a primary hepatic 

cell culture 

IDRs gained attention in recent years through their ability to protect against bacterial 

infections without direct antimicrobial effect. They seem to be able to modulate the host 

immune response by enhancing chemokine production and leukocyte recruitment, while being 

able to suppress harmful inflammation [212]. In this study it was intended to examine the 

effects of one peptide of the IDR family, IDR-1002 on the hepatic immune response of the 

chicken by measuring seven cytokines/chemokines (IL-6, CXCLi2, IFN-γ, IL-16, IL-10, M-CSF 

and RANTES), while testing whether they have a negative effect on cell viability. 

Previous research suggests that, unlike cathelicidins, IDRs need much higher 

concentrations in order to be cytotoxic [52, 213, 214]. In the present study, IDR-1002 was 

examined in concentrations of 10, 30 and 90 µg/mL and did not alter the metabolic activity of 

the cells. There was a significant, moderate increase in extracellular LDH activity after 

treatment of the cells with both LTA and the highest concentration of the peptide together, 

suggesting some degree of membrane damage. This indicates that, although the cell-

damaging effects of the peptide are generally negligible, it would still worth selecting the lowest 

effective concentration for therapeutic use. 

One of the main aims of this experiment was to determine how the primary immune 

cells of the liver, Kupffer cells, respond to treatment with the peptide. For this purpose, such 

cytokines were investigated that have a strong effect on macrophage differentiation. Firstly, the 

level of RANTES was measured in our experiment, and it was found that treatment with high 

concentrations of IDR-1002 (90 µg/mL) and LTA increased the concentration of this protein, 

and cell cultures treated with both IDR-1002 and LTA showed an even more pronounced 

concentration-dependent increase. RANTES, also known as CCL5 (C-C motif ligand 5), is a 

chemokine produced in the liver by hepatocytes, macrophage stellate cells and endothelial 

cells. It stimulates leukocyte migration, modulates the production of several cytokines and has 

a complex role in the regulation of inflammatory processes [215]. Other studies also shown 

similar results to ours, for example showing the increase of RANTES levels in a murine 

infection model after treatment with IDR-1002 [86], furthermore, IDR-1 was shown to stimulate 

signaling pathways contributing to the induction of RANTES [52]. In addition, IDR-1002 was 

found to activate the migration of monocytes towards RANTES, thereby stimulating bacterial 

elimination [216]. 

RANTES was shown to promote the conversion of macrophages to the M1 form (pro-

inflammatory) and inhibit the M2 form (anti-inflammatory) [215]. In contrast, according to our 

findings, M-CSF levels were also increased after IDR-1002 treatment and were unchanged by 
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LTA alone. M-CSF is produced by hepatocytes and Kupffer cells in the liver and plays an 

important role in the differentiation of Kupffer cells into M2-type macrophages and in the 

regulation of regenerative processes [217, 218]. This seemingly contradictory result is in line 

with research that found, based on gene expression studies, that IDR-1018 promoted a 

phenotypic transition between the two forms [87], while e.g. LL-37 stimulated M1 macrophage 

formation [219]. Both types of macrophages play an important role in inflammatory processes. 

M2 macrophages are able to perform active phagocytosis, produce high levels of chemotactic 

factors and IL-10, therefore are usually referred to as anti-inflammatory cells [220]. M1 

macrophages, in contrast, produce proinflammatory cytokines, have anti-tumour immune 

promoting activity, but can also play a role in tissue damage [56]. 

Although the fact that the levels of certain pro-inflammatory cytokines decreased in our 

case following IDR-1002 treatment (IFN-γ, IL-6, IL-16) would suggest that macrophages 

preferentially recruited the anti-inflammatory form promoted by M-CSF, in somewhat contrast 

to this, we found that IL-10 levels also decreased following treatment with the peptide (and 

were not affected by LTA), which may rather indicate a predominance of a process driven by 

RANTES. This is further confirmed by the strong positive correlations which were found 

between RANTES and IFN-γ, between RANTES and IL-16, and interestingly, between 

RANTES and IL-10 (see Supplemetary information file 1). In addition, there was a negative 

correlation between M-CSF and CXCLi2, and a mentionable, but not significant positive 

correlation between M-CSF and IL-10. This supports the idea that macrophages stimulated by 

IDR-1002 drive a transition state between the two phenotypes. 

As mentioned above, the decrease of IL-6 and IFN-γ concentrations was observed after 

treatment with IDR-1002. Notwithstanding that IDR-1002 was shown to increase the 

production of these chemokines in various studies [86, 221, 222], the effect of the peptide on 

different immune cells is not fully understood, and to the best of our knowledge, no research 

has been published on its action on hepatocytes and Kupffer cells. In the work of Huante-

Mendoza et. al [223] it was found that the translocation of NF-κB into the nucleus and the 

CREB (cAMP-response element binding protein)-CBP (CREB binding protein) complex 

formation was inhibited by the peptide after LPS treatment, suggesting that the induction of 

pro- and anti-inflammatory chemokines (such as IL-6, IL-8 or IL-10) was obstructed. Further, 

IDR-1002 suppressed the inflammation induced by Pseudomonas aeruginosa infection in 

mouse lung, and did not enhance the production of the tested cytokines including IL-6 and 

TNF-α [221].  

As mentioned before, IFN-γ is known to activate macrophages and promote the pro-

inflammatory-, while suppressing the anti-inflammatory cytokine production [224]. The 

production of IFN-γ by Kupffer cells can also lead to acute liver damage, or worsen the existing 
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chronic hepatic failure [225, 226]. Following LTA treatment, IFN-γ levels were elevated, 

indicating the pro-inflammatory effect of the applied endotoxin, which was reduced by IDR-

1002 treatment at all three concentrations, suggesting that the peptide was successful in 

alleviating the inflammatory response. 

IDR-1002 did not significantly affect the levels of CXCLi2 (corresponding to IL-8 in 

chickens) when solely applied in our experiments, but the concentration of this cytokine was 

increased by LTA treatment, which was reduced by 30 and 90 µg/mL concentrations of the 

peptide. Similar results were shown in a previous study where IDR-1 successfully reduced 

LPS-induced IL-8 activation [52], and also where IDR-1002 dampened IL-1β-induced IL-8 

production [227]. Similarly to these results, LTA-induced IL-6 levels were also diminished by 

IDR-1002, but in this case, treatment with the peptide alone also decreased the level of this 

interleukin. Previous studies showed that IDR-1002 was able to reduce IL-6 production in a 

Pseudomonas aeruginosa lung infection model [221, 222], and in a Staphylococcus aureus 

treated RAW 264.7 macrophage cell line [89]. 

In the present study, IL-16 levels were decreased in cells co-treated with LTA and IDR-

1002. IL-16 is a chemokine that stimulates the migration of CD14+ immune cells and may 

cause tissue damage mediated by pro-inflammatory processes and plays an important role in 

mediating liver cell apoptosis. It can be seen that its reduced levels may have several 

advantages in the event of an inflammatory response [228, 229]. 

Phagocytosis by various pathogenic microorganisms results in the formation of 

lysosomes, which contain high amounts of ROS and RNS [230]. The associated oxidative 

stress helps to eliminate pathogens, but their excessive production can cause tissue damage, 

and they have also been shown to play a role in acute liver injury [231–233]. Similarly to the 

pro-inflammatory cytokines IL-6 and IFN-γ, IDR-1002 also reduced the level of H2O2 in the 

medium (at a concentration of 30 µg/mL), which may also contribute to the reduction of cell 

damage. 

The IDR-1002-driven decrease in ROS level could be explained by the elevated 

abundance of the transcription factor Nrf2 in IDR-1002 treated cells. The signaling pathway 

regulated by Nrf2/KEAP1 (nuclear factor erythroid 2-related factor 2/ Kelch-like ECH-

associated protein 1) plays an important role in protecting cells from oxidative stress. Nrf2 is 

degraded in the proteosomes in reaction with KEAP, but in the presence of ROS, RNS or 

certain protective molecules (e.g. isothiocyanates, organosulfur compounds, polyphenols), the 

cysteine residues of KEAP1 are oxidized, leading to the dissociation of Nrf2 and its ability to 

enter the nucleus where it binds to various AREs (antioxidant responsive elements), leading 

to the activation of numerous antioxidant systems (e.g. superoxide dismutase, glutathione 

peroxidase) [232, 234]. In addition, LTA also increased Nrf2 levels, which, may have been 

caused by a compensatory response, as Nrf2 also plays a role in the regulation of innate 
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immunity, providing protection against excessive inflammatory processes. It has been shown 

that ROS levels elevated by LTA or LPS activated the translocation of Nrf2, triggering the 

cellular defense system [235, 236]. 

Interestingly, carbonylated protein levels were elevated by all three concentrations of 

IDR-1002. This outcome could be connected to the fact that some AMPs (including IDR-1002) 

proved to have potent antibiofilm effect [237–239]. As biofilms contain large amount of proteins 

[240], it can be beneficial for the peptide to be able to carbonylate them. For example, the AMP 

KWI18 was found to inhibit biofilm formation while inducing lipid-, and protein oxidation [241]. 

In our case, protein carbonyl formation hasn’t been linked with ROS production, and did not 

cause any damage to the cells. Based on these results, the role of IDR-1002 in oxidative stress 

may be worth further investigation by including other parameters. 

In conclusion, it can be stated that IDR-1002 has a complex effect on the regulation of 

the immune system of the chicken liver. It showed to reduce the LTA-induced pro-inflammatory 

response (as seen for IFN-γ, IL-6, CXCLi2 and IL-16), suggesting that it may be a promising 

candidate for attenuating pathological inflammatory processes. Moreover, the measured 

parameters suggested that macrophage activity was modulated to an intermediate state 

between anti- and pro-inflammatory forms, as IDR-1002 reduced both the concentration of pro-

inflammatory cytokines (IFN-γ, IL-6) and the anti-inflammatory IL-10. This effect can be well 

explained by the increase in the level of RANTES (redirecting macrophages towards the pro-

inflammatory M1 type) and M-CSF (stimulating differentiation towards the anti-inflammatory 

M2 type). In addition, we can conclude that IDR-1002 can also affect the oxidative status of 

cells by reducing the levels of extracellular H2O2, presumably due to its inductive effect on the 

Nrf2 signaling pathway. It was also able to attenuate LTA-induced H2O2 production 

accompanied by Nrf2 induction. Thus, it can be stated that IDR-1002 has a highly complex 

effect on the cellular immune response and, although further extensive studies are undoubtedly 

needed to elucidate its exact mechanism, it may be a promising candidate for the treatment of 

pathologies associated with inflammation of bacterial origin. 

7.4 Study III: Effects of Cath-2 on an intestinal 

explant culture 

First, it was aimed to examine the potential cytotoxic effects of Cath-2 on the intestinal 

explant cultures. As previously described, the peptide can negatively influence the viability of 

the hepatic cell cultures when used in higher concentrations. This could be either explained by 

the sensitivity of the primary isolated cells, or by the possibility that liver cells can be inherently 

more reactive when contacting foreign substances. 
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Nonetheless, this effect did not occur with the chicken intestinal explants used in this 

study, as neither the metabolic activity, nor the LDH activity was altered by 5 and 10 nmol/mL 

concentrations of Cath-2 which might imply the applicability of Cath-2 for gastrointestinal 

diseases. Although, it is worth considering, that the highest concentration of Cath-2 treatment 

(25 nmol/mL) significantly increased the metabolic activity of the cells, by approximately 200%. 

The increased metabolic activity can not only be caused by the production of 

NADH+H+, as the CCK-8 test utilized in this study also measures the cellular production of 

NADPH+H+, which is known to have a diverse role in the regulation of inflammatory 

mechanisms [242]. For example, NAPDH+H+ is required for fatty acid synthesis, the 

upregulation of which is characteristic of inflammatory processes. Fatty acids are necessary to 

produce pro-inflammatory lipid mediators (like prostaglandin E2) [243] and have an important 

role in the organization of lipid rafts [244], and in the regulation of phagocytosis due to the need 

of membrane formation [245, 246]. The Cath-2-associated increased production of NAPDH+H+ 

aligns with our results indicating the pro-inflammatory effects of the same concentration of 

Cath-2 as it elevated the IL-2 and CXCLi2 levels as well. 

Activation of the immune response to enhance antimicrobial activity is an important 

function of cathelicidins and has been established by several previous studies. For example, 

it has been proven that the human cathelicidin LL-37, as well as Cath-2, activates the NLRP-

3 (NOD-, LRR- and pyrin domain-containing protein 3) inflammasome, which leads to the 

caspase-1-dependent release of pro-inflammatory cytokines [247, 248]. In the present study, 

the sole application of Cath-2 increased the levels of CXCLi2, IL-6 and IL-2, and the cellular 

CXCLi2 release was stimulated by 25 nmol/mL Cath-2, even under LTA-provoked 

inflammation. These findings are in line with other results obtained from the research of Cath-

2 (and Cath-2 derived peptides), where it has been able to induce the production of different 

cytokines and chemokines (e.g. IL-8, RANTES, IL-1β and IL-1α) [72, 184, 248, 249]. 

IL-2 has an especially important role in gut homeostasis as it enhances immune 

tolerance and prevents chronic inflammation of the intestinal mucosa by adjusting the function 

of regulatory T-cells [250–253]. It is mainly produced by activated T-cells during inflammation 

and has both pro- and anti-inflammatory functions [254]. In this study, both, Cath-2 and LTA 

applied alone elevated the levels of this cytokine, while Cath-2 lowered the LTA-caused 

increase, indicating a protective and anti-inflammatory effect of this AMP. However, to further 

evaluate the protective function of Cath-2 in the immune system of the intestines, additional 

research is needed regarding the distribution of different T-cell populations, the lack of which 

is a limitation of this study. 

The pro-inflammatory effects of LTA on chicken intestinal explant cultures and chicken 

hepatic cell cultures have been investigated previously by our research group, where LTA was 

shown to be a suitable tool to stimulate inflammatory responses [162]. Based on our present 
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results, Cath-2 had mostly anti-inflammatory effects under LTA-evoked inflammatory 

conditions as it successfully alleviated the LTA-triggered elevation of IL-2 and IL-6 levels, as 

well as IFN-γ/IL-10 ratio. Given their essential roles in regulating inflammatory processes, 

particularly in the intestinal mucosa where IFN-γ acts as a pro-inflammatory cytokine and IL-

10 as an anti-inflammatory counterpart, this ratio provided valuable insights into the dynamics 

of the inflammatory state [255–258]. Similar results were obtained from previous studies where 

the anti-inflammatory properties of this peptide and its derivates were investigated. For 

example, they have been proven to neutralize the LPS and LTA-induced release of pro-

inflammatory cytokines [77, 78, 184] and to inhibit Pseudomonas aeruginosa-caused 

macrophage activation [259].  

Furthermore, in this study, LTA decreased the concentration of the anti-inflammatory IL-

10, and Cath-2 raised it back to the level observed in the Control group. Moreover, the 

production of IFN-γ was elevated after treatment with LTA, but Cath-2 did not affect its level. 

Despite this, the LTA-caused elevation in the IFN-γ/IL-10 ratio was lowered by all 

concentrations of this AMP, suggesting an explicit anti-inflammatory mechanism. 

IL-10 is an immunomodulatory cytokine, with an especially important anti-inflammatory 

role in the intestines. It is produced by a wide range of cell types (including regulatory T cells) 

and acts mainly on lymphocytes and myeloid cells to suppress numerous pathways of the 

immune response [246]. In contrast, IFN-γ is considered pro-inflammatory: it is produced 

mainly by T-helper cells and Natural Killer (NK) cells and plays a crucial role in immune cell 

activation, antimicrobial immune responses, antigen presentation, cellular proliferation, and 

apoptosis [247]. The ratio of these two cytokines is especially useful in studies involving the 

intestinal immune system as they both play a particularly important role in its regulation [255–

257, 260, 261]. 

In the recent study, the anti-inflammatory effects of Cath-2 were the most prominent at 

25 nmol/mL concentration as it was the only one decreasing IL-2 and IL-6 concentrations, the 

IFN-γ/IL-10 ratio, and elevating the IL-10 levels compared to the group receiving only LTA. 

In conclusion, our present results provide important novel data on the 

immunomodulatory effects of Cath-2 on the small intestinal mucosa of the chicken. Based on 

the data gained, it can be stated that Cath-2 has a broad anti-inflammatory effect on chicken 

intestinal explants as reflected by the alleviation of the LTA-triggered pro-inflammatory cytokine 

release, mostly at higher concentrations, without being cytotoxic. Moreover, the 

immunostimulant action of this AMP could also be observed, predominantly when administered 

to non-inflamed cells, which can prove to be an efficient mechanism to provide protection 

against infections. Therefore, Cath-2 can be considered a suitable candidate for the treatment 

of bacterial diseases by maintaining the appropriate inflammatory homeostasis and with further 
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in vivo studies may significantly contribute to the reduction of antibiotic use for enteric 

infections. 

7.5 Study IV: Effects of IDR-1002 on an intestinal 

explant culture 

In this study, it was again demonstrated that the IDR-1002 peptide does not have a 

cytotoxic effect if the right concentration is chosen. The metabolic activity of the chicken 

intestinal explants employed in this experiment was not altered, confirming the absence of 

cytotoxicity caused by IDR-1002, while the extracellular LDH activity was decreased after 

treatment with 30 µg/mL IDR-1002. One possible explanation for this phenomenon could be 

the cytoprotective autophagy, which has been described to cause decreased LDH levels 

previously [262–264]. Conversely, this concentration of the peptide similarly elevated the 

CXCLi2 and IL-2 levels, indicating a pro-inflammatory mechanism that may eventuate in the 

cells entering a protective state. However, it is important to note that clarifying the reason for 

the observed lower LDH release is not possible in our study, which can be considered as a 

limitation. 

AMPs have exceedingly diverse mechanisms of action. One of them is the stimulation 

of the production of various cytokines and chemokines to enhance the intrinsic defense against 

pathogenic microbes [86]. This effect of the IDR-1002 peptide has been reported previously in 

different cell types and in vivo studies as well [86, 222]. Regarding our data, mainly the 30 

µg/mL concentration of the peptide had this impact, as only this elevated the CXCLi2 and IL-2 

concentrations at the same time, however, all concentrations increased the IL-2 production of 

the explants. Our results align with the work of Kuerth et al., where the peptide stimulated the 

IL-8 production of human bronchial epithelial cells [222]. 

As mentioned before, IL-2 has a crucial role in the intestinal mucosa, which includes 

the promotion of immune tolerance and immune memory, and the prevention of chronic 

inflammation by modulating the function of T-regulatory cells [250–252]. For example, in a 

mouse model, it was shown to be essential for maintaining the immune homeostasis of the 

small intestine. Without its production, the tolerance to dietary antigens becomes severely 

disabled [253]. In this study, similarly to the case of Cath-2, the production of IL-2 was 

enhanced after treatment of IDR-1002 and after LTA, yet the LTA-caused elevation was 

decreased after the addition of 10 µg/mL IDR-1002 treatment. Regarding this data, IDR-1002 

may enhance the self-protective abilities of the intestinal mucosa and provide defense against 

chronic inflammatory processes, however, further studies are needed to confirm this 

hypothesis. 
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In this study, LTA elevated the concentrations of IFN-γ, CXCLi2, IL-2, RANTES, and 

also the ratio of IFN-γ/IL-10, indicating a successful attempt to induce inflammation in the 

chicken intestinal explant model. These results align with the ones gained from Study III, and 

also with a preliminary study conducted by our research group [162] where LTA also showed 

a pro-inflammatory effect on the intestinal explants. 

The anti-inflammatory properties of IDR-1002 have been stated by several previous 

studies [84, 89, 222, 223, 227, 265]. The LTA-induced inflammation in our study was diminished 

by IDR-1002, although, there were differences among the three concentrations. The lowest, 

30 µg/mL application seemed to be the most potent, as it was the only one to decrease CXCLi2, 

IL-2, and RANTES levels (the latter is known to induce macrophage differentiation into the pro-

inflammatory M1 form [215]). Meanwhile, the highest, 90 µg/mL concentration decreased the 

IFN-γ/IL-10 ratio (but elevated IFN-γ production), strongly increased the anti-inflammatory IL-

10, and decreased CXCLi2 levels. 

The ratio of the two cytokines, IFN-γ and IL-10 is used especially in research related to 

the intestinal immune system, and in other areas as well [255–258]. Although the highest 

concentration of IDR-1002 elevated the levels of IFN-γ, the ratio was lowered as a 

consequence of the intensely increased IL-10 production of the explants – which, considering 

the literature data, means that the overall pro-inflammatory state of the cells was taken under 

control by the production of IL-10. The same concentration of the peptide raised IL-2 levels 

when applied alone and did not decrease the LTA-induced elevation. 

In conclusion, while IDR-1002 did not possess any negative effect on the viability of the 

explant models, it had a major impact on inflammatory processes. Our results propose that 

there are significant differences between the three concentrations considered here, suggesting 

that the effect of the peptide is not negligibly dependent on the dose used. With this in mind, 

further studies are certainly needed to explore the differences between the different 

concentrations and to select the most optimal one. Nevertheless, it can be stated that the IDR-

1002 AMP presented a potent immunomodulatory action on intestinal explants. The peptide 

alone enhanced the innate defense mechanisms by stimulating IL-2 and CXCLi2 production, 

while it alleviated the LTA-evoked pro-inflammatory cytokine peak (reflected by IL-2, CXCLi2, 

RANTES concentrations, and by the IFN-γ/IL-10 ratio), thus restoring the physiological 

inflammatory homeostasis. These data suggest that IDR-1002 might be a promising candidate 

in the multimodal treatment of inflammation caused by bacterial infections of intestinal origin 

in chicken. 
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7.6 Conclusion 

Our five studies demonstrate the diversified effects of AMPs, while showing their 

dependence on different biological factors. Therefore, two AMPs might influence the immune 

response of the same cell type in somewhat different ways, while one AMP might provoke 

diverse immune responses in different tissues or organs. Consequently, it can be concluded 

that a more substantial understanding of the cellular effects of AMPs is necessary before they 

can be introduced into clinical research. Our results can contribute to this goal considerably by 

providing valuable data on cell viability and immune response provoked by two important 

peptides, the Cath-2 and IDR-1002 in two in vitro model systems. 

As the resistance of infectious agents to the available chemotherapic drugs is getting 

increasingly serious, new ways have to be developed to combat these diseases. AMPs might 

provide an option to augment the use of antibiotics due to their wide range of effects on the 

immune system. AMPs show that utilizing the organism's own immune system to achieve this 

goal is an interesting approach in this search. While using the innate competence of the 

immune system to provide a possible noble solution to kill pathogenic bacteria, they have a 

wide range of abilities to combat harmful inflammation and to help the body regenerate more 

swiftly. 

We hope that studies such as ours can provide invaluable basis for future research in 

this interesting field. 
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8 New scientific results 

Ad 1, 

A reliable inflammatory model has been successfully established for the hepatocyte ‒ 

non-parenchymal cell co-culture framework. LTA and, to a lesser extent, PMA has been proven 

to effectively induce inflammation and are suitable for the testing of immunomodulatory 

materials using our model. 

Ad 2, 

Chicken cathelicidin-2 decreased cell viability in the hepatocyte ‒ non-parenchymal cell 

co-culture model, especially when used in higher than 5 nmol/mL concentrations. The viability 

of the intestinal explants was not reduced by Cath-2. In contrast, IDR-1002 did not have an 

effect on cell viability of either the hepatocyte ‒ non-parenchymal cell co-culture model or the 

intestinal explants. 

Ad 3, 

Chicken cathelicidin-2 had a diversified role in the modulation of the immune response 

of the hepatocyte ‒ non-parenchymal cell co-culture model and the intestinal explants. It had 

a pro-inflammatory effect in both models when applied alone, especially at higher 

concentrations. However, it also demonstrated anti-inflammatory effects as it alleviated 

inflammation provoked by LTA in both models. 

Ad 4, 

IDR-1002 had a complex role in modulating the immune response of the hepatocyte ‒ 

non-parenchymal cell co-culture model and the intestinal explants. It had a remarkable anti-

inflammatory effect as it decreased the pro-inflammatory cytokine release induced by LTA in 

both models. Meanwhile, based on the RANTES, M-CSF and cytokine concentrations, it 

steered inflammatory processes into an intermediate phase between the anti- and 

proinflammatory direction when used on the hepatocyte ‒ non-parenchymal cell co-culture 

model. 
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12 Supplementary material 

 

Supplementary Figure 1: Scatterplot showing the association between RANTES and CXCLi2 values 

for each treatment group. Linear regression lines (with 95% confidence band) and Spearman 

correlation coefficients with p-values are displayed on each subplot for every treatment group. IDR-

low = 10 µg/mL IDR-1002, IDR-medium = 30 µg/mL IDR-1002, IDR-high = 90 µg/mL IDR-1002, 

LTA = 50 µg/mL lipotheichoic acid from Staphylococcus aureus (n = 6/group). Cell cultures in Control 

group received none of the treatments. 
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Supplementary Figure 2: Scatterplot showing the association between RANTES and Interleukin 

(IL)-6 values for each treatment group. Linear regression lines (with 95% confidence band) and 

Spearman correlation coefficients with p-values are displayed on each subplot for every treatment 

group. IDR-low = 10 µg/mL IDR-1002, IDR-medium = 30 µg/mL IDR-1002, IDR-high = 90 µg/mL 

IDR-1002, LTA = 50 µg/mL lipotheichoic acid from Staphylococcus aureus (n = 6/group). Cell 

cultures in Control group received none of the treatments. 
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Supplementary Figure 3: Scatterplot showing the association between RANTES and Interleukin 

(IL)-16 values for each treatment group. Linear regression lines (with 95% confidence band) and 

Spearman correlation coefficients with p-values are displayed on each subplot for every treatment 

group. IDR-low = 10 µg/mL IDR-1002, IDR-medium = 30 µg/mL IDR-1002, IDR-high = 90 µg/mL 

IDR-1002, LTA = 50 µg/mL lipotheichoic acid from Staphylococcus aureus (n = 6/group). Cell 

cultures in Control group received none of the treatments. 
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Supplementary Figure 4: Scatterplot showing the association between RANTES and Interferon 

(IFN)-γ values for each treatment group. Linear regression lines (with 95% confidence band) and 

Spearman correlation coefficients with p-values are displayed on each subplot for every treatment 

group. IDR-low = 10 µg/mL IDR-1002, IDR-medium = 30 µg/mL IDR-1002, IDR-high = 90 µg/mL 

IDR-1002, LTA = 50 µg/mL lipotheichoic acid from Staphylococcus aureus (n = 6/group). Cell 

cultures in Control group received none of the treatments. 
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Supplementary Figure 5: Scatterplot showing the association between RANTES and Interleukin 

(IL)-10 values for each treatment group. Linear regression lines (with 95% confidence band) and 

Spearman correlation coefficients with p-values are displayed on each subplot for every treatment 

group. IDR-low = 10 µg/mL IDR-1002, IDR-medium = 30 µg/mL IDR-1002, IDR-high = 90 µg/mL 

IDR-1002, LTA = 50 µg/mL lipotheichoic acid from Staphylococcus aureus (n = 6/group). Cell 

cultures in Control group received none of the treatments. 
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Supplementary Figure 6: Scatterplot showing the association between M-CSF and CXCLi2 values 

for each treatment group. Linear regression lines (with 95% confidence band) and Spearman 

correlation coefficients with p-values are displayed on each subplot for every treatment group. IDR-

low = 10 µg/mL IDR-1002, IDR-medium = 30 µg/mL IDR-1002, IDR-high = 90 µg/mL IDR-1002, 

LTA = 50 µg/mL lipotheichoic acid from Staphylococcusaureus (n = 6/group). Cell cultures in Control 

group received none of the treatments. 
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Supplementary Figure 7: Scatterplot showing the association between M-CSF and Interleukin (IL)-6 

values for each treatment group. Linear regression lines (with 95% confidence band) and Spearman 

correlation coefficients with p-values are displayed on each subplot for every treatment group. IDR-

low = 10 µg/mL IDR-1002, IDR-medium = 30 µg/mL IDR-1002, IDR-high = 90 µg/mL IDR-1002, 

LTA = 50 µg/mL lipotheichoic acid from Staphylococcus aureus (n = 6/group). Cell cultures in Control 

group received none of the treatments. 
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Supplementary Figure 8: Scatterplot showing the association between M-CSF and Interleukin (IL)-

16 values for each treatment group. Linear regression lines (with 95% confidence band) and Spearman 

correlation coefficients with p-values are displayed on each subplot for every treatment group. IDR-

low = 10 µg/mL IDR-1002, IDR-medium = 30 µg/mL IDR-1002, IDR-high = 90 µg/mL IDR-1002, 

LTA = 50 µg/mL lipotheichoic acid from Staphylococcus aureus (n = 6/group). Cell cultures in Control 

group received none of the treatments. 
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Supplementary Figure 9: Scatterplot showing the association between M-CSF and Interferon (IFN)-γ 

values for each treatment group. Linear regression lines (with 95% confidence band) and Spearman 

correlation coefficients with p-values are displayed on each subplot for every treatment group. IDR-

low = 10 µg/mL IDR-1002, IDR-medium = 30 µg/mL IDR-1002, IDR-high = 90 µg/mL IDR-1002, 

LTA = 50 µg/mL lipotheichoic acid from Staphylococcus aureus (n = 6/group). Cell cultures in Control 

group received none of the treatments. 
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Supplementary Figure 10: Scatterplot showing the association between M-CSF and Interleukin (IL)-

10 values for each treatment group. Linear regression lines (with 95% confidence band) and Spearman 

correlation coefficients with p-values are displayed on each subplot for every treatment group. IDR-

low = 10 µg/mL IDR-1002, IDR-medium = 30 µg/mL IDR-1002, IDR-high = 90 µg/mL IDR-1002, 

LTA = 50 µg/mL lipotheichoic acid from Staphylococcus aureus (n = 6/group). Cell cultures in Control 

group received none of the treatments. 
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Supplementary Figure 11: Scatterplot showing the association between Nrf2 and H2O2 values for 

each treatment group. Linear regression lines (with 95% confidence band) and Spearman correlation 

coefficients with p-values are displayed on each subplot for every treatment group. IDR-low = 10 

µg/mL IDR-1002, IDR-medium = 30 µg/mL IDR-1002, IDR-high = 90 µg/mL IDR-1002, LTA = 50 

µg/mL lipotheichoic acid from Staphylococcus aureus (n = 6/group). Cell cultures in Control group 

received none of the treatments. 
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Supplementary Figure 12: Scatterplot showing the association between Nrf2 and Protein Carbonyl 

(PC) values for each treatment group. Linear regression lines (with 95% confidence band) and 

Spearman correlation coefficients with p-values are displayed on each subplot for every treatment 

group. IDR-low = 10 µg/mL IDR-1002, IDR-medium = 30 µg/mL IDR-1002, IDR-high = 90 µg/mL 

IDR-1002, LTA = 50 µg/mL lipotheichoic acid from Staphylococcus aureus (n = 6/group). Cell 

cultures in Control group received none of the treatments. 

 


